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Althoiinli  It  is 
known  to  prosiMU 


U.  Ai'«ii»ci''^saoc  iati'il  with  economic  development  of  northeast  North  t'arollna  are  several 
water-related  problems.  The  solution  to  these  problems  depends  in  part  on  adequate 
knowledge  ol  the  hydrology  of  this  8,‘)10  square  mile  eoastal  area, 
hvdrologieal ly  the  least  studied  area  of  North  Carolina,  enough  is 
thi.‘  reeonna  issanee- level  pleture  of  its  water  resources. 

Average  annual  precipitation  on  the  area  Is  about  SO  inches.  tliis  amount, 

about  14  inches  returns  to  the  atmosphere  via  evapot ransplrat ion,  about  IS  inches 
le.ivt'.s  the  area  a.s  ruiu'ff,  and  about  one  Inch  leaves  through  ground-w.it  er  out  1 low. 

Ni'  large  stre.ims  originate  within  the  area,  but  major  stre.ims  I'nterlng  t rom  t lie 
north  ami  west  bring  in  three  times  as  much  streamflow  as  originatt's  wltliln  tiu’  studv 
are.i.  I'he  flat,  low-lying  terrane  does  not  offer  opportunities  for  extensive  devclop- 
m«'nt  of  surface-water  supplies  through  the  use  of  reservoirs.  Much  ot  the  surl.ice 
w.iter  is  contamln.ited  by  saltwater  from  tlie  ocean.  ('.round  water  ocv-urs  in  three  m.iji'r 
jqiiUersr  of  which  cunL;|ln  buLll 

t'.st  u.ir  les  , A<iu  i 1 ers  , 

Cround  w.iter,  W.iti'r  quality,  Channel  Improvement. 


n:  krv « or>K  iinii  iKu'umrnt  l7o.  IV net iptoi% 

W.it«'r  Kesiuirces,  North  Carolina,  Water  balance.  Coast. il  I’l.iins, 
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WATER  RESOURCES  OF  NORTHEAST  NORTH  CAROLINA 


By  H.  B.  Wilder,  T.  M.  Robison,  and  K.  L.  Lindskov 


ABSTRACT 

Northeast  North  Carolina  is  experiencing  what  many  feel  is  the 
leading  edge  of  an  economic  boom.  Associated  with  the  development  of 
this  8,930  square  mile  coastal  area  are  several  water-related  problems. 
Among  them  are  (1)  the  possibility  of  saltwater  encroachment  into 
surface-water  and  ground-water  supplies  due  to  heavy  pumping  or  flooding 
from  wind-driven  ocean  tides;  (2)  artificial  drainage  from  large  corpo- 
rate farms  is  changing  the  runoff  patterns  in  the  area,  (3)  channeli- 
zation of  existing  streams  to  reduce  spring  flooding  of  farmlands  may 
adversely  affect  stream  ecology. 

The  solution  to  these  problems  depends  in  part  on  adequate  know- 
ledge of  the  hydrology  of  northeast  North  Carolina.  Although  it  is 
hydrological ly  the  least  studied  area  of  North  Carolina,  enough  is  known 
to  present  a reconnaissance-level  description  of  its  water  resources. 

Average  annual  precipitation  on  the  area  is  about  50  inches.  Of 
this  amount,  about  34  inches  returns  to  the  atmosphere  via  evapotranspi- 
ration,  about  15  inches  leaves  the  area  as  runoff,  and  about  1 inch 
leaves  through  ground-water  outflow. 

Large  streams  flowing  into  the  area  include  the  Chowan,  Roanoke, 
Tar,  and  Neuse  River.  These  convey  an  average  flow  of  17,500  cubic  feet 
per  second  from  an  outside  drainage  area  of  nearly  20,000  square  miles. 
This  is  about  three  times  as  much  runoff  as  originates  within  the  study 
area  if  precipitation  falling  directly  on  large  bodies  of  salty  open 
water  is  not  considered. 


Till'  I'lu'inii'.i  1 iiuallly  of  Llii'  lii'sh  siiil.ui'  w.itois  ot  iu<rt  lio.ist  Ni'itli 
Carolina  is  goiiorally  good  wlioro  it  is  iu>t  niixoil  with  soawator.  i'.io 
f ri'shwator  doos  not  oonlain  oh Joi't  ionahK'  amounts  ot  anv  illssolvoil 
minoral  const  i t uonts , cxci'iit  that  si'iiu'  stiiMius  draining  the  I'astli'  liavnc 
I.lmt'stoni'  outcrops  may  contain  modi' la  t o 1 v hard  water.  liu'  onlv  un- 
deslrahlo  characteristics  ol  the  I resh  surl.ice  w.iter.'.  ol  the  Mtiuiv  .ire.i 
is  that  water  dr.iined  from  swampy  .ire. is  m.iv  lie  ci>lored  enongli  to  st.iin 
laundry,  paper,  and  so  lorth,  .iiul  be  est  lu't  i c.i  1 I v oh  i>'ct  ion.il'le  tor 
drink Ing. 


The  m.i)or  rivers  of  tlie  study  .iii'.i  lu'i  imuo  I'stu.iries  in  ilieii  lowei 
reaches;  these  in  turn  open  up  into  l.irge  sounds,  which  .iie  p.iiilv  cut 
off  from  the  oci'.in  by  t !u'  t'uter  b.inks.  Althoug.h  some  .uithorit  ie-.  h.ive 
classified  si>me  of  these  sounds  .is  ireshw.iter  bodies,  poti-nti.il  lou'i  s 
should  undi'rst.ind  th.il  nowhere  in  the  sounds  .lie  lieshw.ilei  supplii-s 
.ivailable.  They  contain  enongli  se.iw.itei  everywhere  to  I'o  nie.uil.ible  loi 
w.iter  supplies. 


I'here  are  three  m.i'ior  .upiilers  in  northe.ist  Noi  t h I'.iiolin.i — .in 
upper  .uiuifer  consisting  prim.irilv  ol  s.iiuls  .ind  cl.ivs,  ,i  middle  1 inu'- 
stone  aquifer,  and  .i  lower  aquitcr  consisting,  ol  complexly  inleibedded 
layers  of  .-i.ind,  silt,  cl.iy  .ind  sh.ile,  .iiul  linu'slone  .ind  dolomite. 

i'he  .iver.ige  thickness  ol  the  upper  .iquiter  is  .ibout  -(til)  U'el  .ind 
r.inges  I roiii  less  th.in  1 ill)  feet  thick  ne.ir  the  western  part  ol  the  tegion 
to  more  th.in  1 , .U)0  leet  thick  on  p.irts  of  the  tluti'r  banks.  Typic.il 
yields  ot  the  upper  aquifer  to  sm.i  1 l-d  Lameter  screened  wells  is  ')  to  U1 
g.illons  per  miiuiti’,  .ind  in  some  pl.ici's  c.in  be  as  muih  as  lili)  g.illinis  pi'i 
minute.  Water  from  the  upper  .iquiter  tends  to  be  low  in  dissolved 
solids,  but  in  some  locations  m.iy  nei'd  to  be  tre.ited  lor  exci-ssivi'  iron 
or  h.irdness.  In  .iddition,  s.iltw.iter  is  present  in  the  uppi'r  .iquiler  in 
much  of  the  eastern  I'.irt  ot  the  .ire.i,  rendering  the  water  untit  lor  m.inv 
uses . 


The  limestone  .iquiter  has  an  aver.ige  thickness  of  about  sill  leet; 
it  'thickens  to  the  east  .ind  southe.ist,  reaching  .i  m.iximum  thickness  ol 
about  1,200  feet  uo.ir  C.ipe  H.itteras.  Yields  to  wells  tapi'ing  the 
limestone  aquifer  are  typically  si'ver.il  hundred  to  ,is  much  .is  2,000 
gallons  per  minute.  Iho  limestone  .iquifer  contains  onlv  freshw.iter  in 
the  western  border  ot  the  area;  to  the  east,  freshwater  in  the  .iquiter 
is  underlain  by  s.i  1 1 w.i  t I’r . 

The  quality  of  w.iter  t torn  the  limestone  .iquiler  is  typic.il  ol 
w. Iters  I roiii  limestone  lormatiens.  It  is  hard,  high  in  .ilkalinity,  .iiul 
tends  to  form  scaie.  It  m.iy  also  eoiit.iiii  objectioii.ible  amounts  ot 
si  lie. I and  Iron. 


The  lower  aqulter  also  dips  ai>d  IhiokiMis  lo  the  iMsf  and  sovit  hiMSL ; 
Its  dverane  tlilekuess  Is  2,780  t’ei'l  and  11  is  I'ver  .’,000  lt“et  tliUk  at 
Cape  llatteras.  lit  areas  where  tl\e  aipilter  e(nt^alll^^  iieshwaiei,  yields 
to  Individual  wells  mav  ho  seveial  Inindred  t >j  as  imu  li  as  l.tlOO  ytalloiis 
per  minute.  Suelt  hijjh  yleKis  are  dui'  to  the  lowt'r  aipiili'i  's  p.ie.ii 
tltlckness — Its  hydraulic  eouduet  i v 1 ty  is  imu'li  ii>wei  t liaii  tin'  liine.sloiie 
aquifer. 

The  lower  aquifer  contains  excluslvi-lv  tresliwaier  on  1 v in  tlie 
northwest  part  attd  the  western  fringe  of  the  study  area.  Within  a 20- 
mlle  wide,  strip  east  ot  the  completely  fresltwaler  are. is,  1 1 esliw.it  I'l 
overlies  saltwater  in  tills  aquiler.  farther  laist,  the  .iqnili'i  vii'lds 
only  saltwater.  Wliere  llio  water  i-s  fri-sh,  it  is  t lie  l>est  qu.ilitv  w.itei 
of  any  of  the  major  aquifers.  it  is  .i  soil,  alkaline  w.iti^r  that  1 1' 
quires  little  or  no  treatment  lor  most  usi's.  I'hi'  onlv  set  ions  potential 
quality  drawhack  is  th.it  the  w.iti'i  iii.iv  cont.iin  i-xi-essivi-  I luoi  ide  in 
some  loc.it  ions. 

Tliere  is  a closi'  interdi'pendi'ncy  .imoiig  t lie  v. it  ions  component  ,',  ot 
the  hvdrologic  system  in  lunthe.ist  Ni'itli  C.irolin.i  .iiul  pi. inning  foi  l.iiul 
and  w.iter  management  should  consider  this  c.iretullv.  laige-sc.ile  ,igri- 
cultur.il  dr. linage  projects  .iii'  .iltering  tlie  hydrologv  ol  the  aii-a;  lieavv 
pumping  of  tlie  limestone  aquiter  is  t. iking  pi. ice  in  p.iits  ot  tin*  .iie.i  in 
connection  witli  pluispli.ite  mining  oi'cr.it  ions . Tlu'se  and  otliei  opei.it  ions 
m.iv  have  I'laifiuind  eltects  on  tlio  hvdrologv  ot  tlie  are.i  ,ind  sli.uild  lu’ 
iiu're  thoroughlv  e.x.tmlned  to  Insiirt'  an  orderly  devi'lopment  ol  tlie  w.itei 
resourct'S  ot  nortlu'.ist  Nortli  tkirolina. 


INTKODUC  I'lON 

Nor  t lu'.ist  ern  North  Carolina  lias  been  oiii'  ol  t lu'  l.iigest  economi- 
c.illv  undei  di've  1 ope.l  .ireas  .iloiig  tlie  sout  lu'.ist  I'l  ii  se.ihoai.l.  tSee 
fig.  1.)  riie  potential  tor  recreation.il,  agricullur.il,  .ind  commei.  i.il 
deve  lopiiu'iit  in  tlie  8 , 2 U)  mi  .irea  tar  excei'ds  wh.it  li.is  .icLu.illv  t.ikeii 
[ilai'e.  lt«'. idles,  souiuls,  I'St  n.ir  le.s,  .iini  l.ikes  j'l  ovidi'  .ilniiulant  .ipp.'i - 

tunltles  lor  w.iter-related  n'creat  ion . limbi't,  pliosptiate,  .iiul  liiiu'stone 
.ire  available  in  comiiierci.il  .imoniits.  Tlie  rich  pe.it  soil  I oinul  in  m.in\ 
areas  is  a tvpe  highly  pri/.i'd  lor  laimiug.  Wh.it  m.iny  c.ill  the  le.uling 
edge  of  an  economic  boom  is  now  t. iking  place  and  the  .ire.i's  undei 
developed  status  is  rapidly  ch.iiiging. 

The  Outer  Banks  are  now  lu’ing  i.ipidlv  devel.qu'.l  lot  i I'.  i e.it  ion 
particularly  In  the  N.igs  lU’.id  .iii'.i.  I’l.ins  to  p.ive  lo.id-i  in  t lu'  extii'iiie 
northern  part  of  tlu’  Outer  B.inks  cmiKl  le.id  to  even  more  i.ipid  .ievelop- 
ment  rtf  that  area,  e.speciallv  in  teims  iil  lu'.ii  h viitt.igi's  .iiui  service 
establishments.  ilu'  coast. il  .iro.i  on  the  n.'rth  side  I'l  Albem.ii  1 1'  S.'und 
Is  rel.itlvelv  uiuleve  K'ped , and  Its  li'cat  u’li  is  convenii’iil  li'i  lecie- 
atli'ii.il  deve  1 iipment  to  surve  not  I'lilv  Nvm  t h I’.ii  o I i n i .ins  , but  .ilso  t lu' 
huge  Wash  Ingt  on- B.i  1 1 Imore  met  r.'po  1 i i .in  .iie.i. 


since  1965,  large-scale  phosphate  mining  operations  have  been 
taking  place  In  Beaufort  County  and  plans  are  now  (spring  1976)  being 
formulated  to  expand  these  operations.  Other  industries,  particularly 
in  the  textile  and  wood  products  fields,  have  shown  Increased  Interest 
In  expanding  operations  In  the  area. 


Water  Problems 


Attendant  with  these  developments,  there  are  and  there 
continue  to  be  problems  of  water  supply  and  water  quality, 
problems  common  wherever  development  occurs,  and  others  are 
unique  to  the  northeast  North  Carolina  area. 


likely  will 
Some  are 
rather 


Development  of  water  supplies  requires  careful  attention  to  the 
possibility  of  saltwater  encroachment  Into  surface-  and  ground-water 
bodies  In  large  areas  of  northeast  North  Carolina.  Kxtenslve  coastal 
ureas  are  less  than  5 ft  above  mean  sea  level  and  wind-driven  ocean 
tides  sometimes  drive  brackish  or  salty  water  upstream  Into  lakes  and 
rivers  that  are  normally  fresh.  Pumping  from  wells  anywhere  In. tl>e 
study  area  can  Induce  brackish  water  (which  occurs  naturally  at  depths 
ranging  from  less  than  100  ft  to  more  than  bOO  ft)  to  move  into  natu- 
rally freshwater-bearing  zones.  Heavy  pumping  averaging  65  Mgal/d  Is 
taking  place  In  Beaufort  County  in  connection  with  phosphate  mining,  and 
locally  saltwater  Intrusion  into  the  Castle  Hayne  Limestone  Is  now 
taking  place. 


Finally,  massive  drainage  and  land-clearing  operations  by  large 
corporate  farms  l»ave  recently  taken  place  and  are  continuing  In  the 
ares;  perhaps  more  tlian  500  ml-^  In  northeast  Nortli  Carolina  will  be 
affected  by  1980.  There  are  several  water  problems  related  to  these 
agricultural  developments.  Artificial  drainage  projects  for  large 
corporate  farms  are  changing  the  hydrology  of  large  areas,  according  to 
Heath  (1975).  Increased  runoff  from  drainage  ditches  at  times  may 
adversely  affect  the  fishery  resources  In  the  study  area.  Kf forts  to 
reduce  spring  flooding  of  farmlands  by  channelization  of  existing 
streams  have  raised  serious  questions  about  the  effects  of  channeli- 
zation on  stream  ecology.  The  answers  to  these  and  other  ciuestions  are 
needed  to  ensure  proper  development  of  the  water  resources  of  northeast 
North  Carolina. 


Purpose  and  Scope 

The  purpose  of  this  reconnaissance-level  report  Is  to  present  base- 
line knowledge  of  the  hydrology  of  northeast  North  Carolina  for  use  in 
identifying  and  solving  water-related  problems  associated  with  acceler- 
ating economic  and  recreational  development  of  the  area.  The  report 
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was  done  by  the  U.S.  Geological  Survey  in  cooperation  with  the  U.S.  Army 
Corps  of  Engineers.  It  provides  information  about  the  occurrence, 
quality,  and  variability  of  surface  and  ground  waters  in  the  region. 


Previous  Investigations 

There  have  been  no  past  water-resources  studies  of  northeast  North 
Carolina  which  cover  the  entire  area  and  all  major  aspects  of  hydrology. 
Nevertheless,  many  useful  studies  have  been  done  which  cover  parts  of 
the  area  or  which  relate  to  one  or  more  aspects  of  its  hydrology.  Many 
of  these  are  reported  by  Lindskov  (1973)  in  the  form  of  an  annotated 
bibliography  and  will  not  be  repeated  here.  Since  then,  several  in- 
vestigations have  added  to  knowledge  of  the  hydrology  of  the  area  and 
have  been  added  to  Selected  References  at  the  back  of  the  report.  The 
North  Carolina  Water  Resources  Research  Institute  has  recently  completed 
several  studies  of  the  effects  of  fertilizer  nutrients  on  the  waters  of 
the  Coastal  Plain  [Gambrell  and  others  (1974),  and  Hobble  (1974)].  The 
North  Carolina  Department  of  Natural  and  Economic  Resources  has  also 
completed  several  Important  studies  relating  to  ground-water  use  in  the 
Coastal  Plain  [Peek  and  others  (1972),  North  Carolina  Groundwater 
Section  (1974),  and  Peek  and  Nelson  (1975)].  Finally,  the  U.S.  Geo- 
logical Survey  has  recently  published  a preliminary  report  on  the  impact 
of  agricultural  developments  on  the  hydrology  of  the  Albemarle-Pamlico 
region  (Heath,  1975).  The  Geological  Survey  also  has  studied  the 
potential  effects  of  channelization  on  the  Creeping  Swamp  watershed 
(Winner  and  Simmons,  1977)  and  is  expanding  work  on  the  study  of  the 
hydrologic  effects  of  land  clearing  in  the  Albemarle-Pamlico  region. 


PHYSICAL  SETTING 

Northeast  Nortli  Carolina  lies  within  the  Coastal  Plain  Province  as 
described  by  Fenneman  (1938).  The  average  annual  temperature  is  about 
60°F  (]5.b“C),  with  a frost-free  period  usually  lasting  from  late  March 
t-'  e.irly  November.  The  area  Includes  all  or  parts  of  the  17  most  north- 
eastern counties  in  North  Carolina.  The  land  generally  is  flat  and  low 
lying;  mucli  of  it  is  swampy.  In  fact,  almost  the  entire  area  is  less 
than  25  ft  above  mean  sea  level.  (See  figure  2.)  Of  tlie  8,930  mi'^ 
area  of  northeast  Nortli  Carolina,  about  2,400  mi^  is  open  water  in 
sounds  and  estuaries. 

The  two  largest  bodies  of  water  In  the  area  are  Albemarle  Sound  and 
Pamlico  Sound,  which  are  partly  cut  off  from  tlie  ocean  by  the  Outer 
Banks.  The  three  largest  estuaries  are  those  of  the  Neuse,  Tar,  and 
Chowan  Rivers.  These  are  also  three  of  tlie  four  largest  rivers  in  the 
area;  the  other  being  the  Roanoke  River.  None  of  these  major  rivers 
originates  within  the  study  area,  but  they  carry  the  drainage  from 
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Figure  2. — Generalized  land-surface  altitude 


19,401)  mi'  into  Llu'  stuJy  aroa.  I'liis,  plus  tlio  iiitoriial  liraiuap.o  I'rom 

o. SOO  mi'  ol  laiul  surtaco  within  the  aroa,  makos  an  ofi'octlvc  ilrainap.o 
aroa  ol  about  J'),900  mi'  . 

Norihoast  North  tkirolina  lias  si'voral  larno  froshwator  lakos. 
i’ortinont  iniormatton  about  t ho  major  lakos  in  tho  aroa  Is  givon  lattT 
in  tho  ropi't't. 

Thoro  aro  throo  major  aqnll'ors  in  northoast  North  Oarolina — an 
uppor  anuiior  consisting  primarily  ot  sainis  and  clays,  a middle  lime- 
stone aiiuifer,  and  a lower  aquiter  cmisisting  of  complexly  interhoddod 
layers  of  sand,  silt,  shale,  limestone,  and  dolomite. 

rho  chemical  quality  of  the  fresh  surtaco  waters  of  northiast  Ninth 
tlarolina  is  generally  good  where  it  is  not  mixed  with  si'awati'r.  It  does 
itot  contain  objectionable  amounts  of  anv  dissolvoil  mineral  coinit  itnent:  , 
except  th.it  some  streams  draining  the  .irea  in  whicli  the  f.istU'  llavne 
l.imestone  is  ne.ir  land  surlace  contain  moderately  h.u'il  water  dnrlng 
periods  ot  low  tlow.  The  only  undesirable  characteristic  ot  t h»'  t resh 
waters  ot  northeast  North  Carolina  is  th.it  water  drained  t torn  sw.imi'v 
.ireas  m.iv  be  colored.  This  is  not  .i  problem  for  drlnkinp,  purposes,  but 
abovi'  20-40  units,  it  may  stain  laundry,  p.iper,  etc. 

riie  chemical  quality  ot  ground  w.iter  is  highlv  v.iri.ilile.  W.iter 
t rom  tile  upper  aquifer  is  gener.illy  low  in  ilissolved  solids,  but  in  some 
pi. ices  m.iv  require  treatment  for  .icidltv,  iron,  or  li.irdiu'ss.  U'ati'r  t torn 
t lie  limestone  .iquifer  gener.illy  is  hard,  liigh  in  .1 1 k.i  1 i n i t v , and  t etuis 
til  fiirm  sc. lie.  Final  Iv,  water  t rom  the  lower  .iqniter,  wlu'i  e I resh, 
gener.illv  is  sot  t .iiul  non-corrosive,  Init  m.iv  contain  ob  ject  ional'le 
.imounts  v't  iri'n,  sodium,  and  fluoride. 

Ihi'  t'.i'o  Ivig  ica  1 Sui'vev  m.iint.iins  .1  d.it  .i-co  1 1 i-c  t ion  lU'twv'ik  in  north- 
e.ist  North  t'.irolina  .iiid  annu.illy  publislu's  I'l'cords  I't  stream  disch.nge, 

p, roniul-wa  t I'l'  levi-ls,  .ind  chemical  .inalvsi-s  i>l  snri.ico  and  groinul  w.itors. 
Manv  ol  tlu'  i n t er  pi'e  t .1 L i ons  in  this  rei'ort  .ire  luised  on  t liese  d.it.i. 
Discussions  ot  tiiis  d.ita-cv'l  lect  ion  netwoik  .ire  cent. lined  in  1 indskov 
fl97f)  ,ind  in  l.iti'r  sections  of  this  I'l'port. 

■niF  llYDKDl.OtllC  t'Yt'li; 

I'lie  waters  ot  the  earth  .ire  ke\'t  in  .'onst.int  c i i on  1 .it  i mi  .is  energy 
I rom  till'  snn  convi't'ts  li(|uid  water  on  the  e.irtii's  sni  t.ici'  to  v.ipoi  , .nul 
the  v.ipors  .ire  t r.inspor  Led  bv  winds  to  other  .ire. is  wlu'ie  the  w.iter  .ig.iin 
re. idles  the  surtace  .is  precipitation.  Cr.ivitv  then  c.insos  the  liquid 
w.iter  to  move,  overl.iiul  or  underground,  b.ick  tow.ird  the  oco.ins.  I'h  i s 
const. lilt  circulatii'ii  is  known  as  the  hvdrologic  cvcle. 


Tho  amount  of  water  available  In  any  area  at  any  time  Is  eontrolleil 
bv  the  Interaetlons  of  t be  various  eomponents  ot  t be  bwlrolontv  evele  lt> 
that  area.  beeause  over  long  perlovls  ot  time,  tbe  amount  ol  w.iti'i 
stoied  in  tbe  area  Is  almost  constant ; a natural  water  binlget  toi 
northeast  North  t^irollna  can  be  bet  Ined  using  tbe  byJroU'glc  cvi  K' 
stated  in  terms  of  tbe  following  e(|uatlon: 

1 K f r - K r t OK  i 1 1 

Where 

IK  - Int  low  or  liquid  water  miti'ilng  tbe  ,ihm  In 
streams  and  through  aiinlfers, 

1’  • precipitation  or  lUiuld  water  entering  the 
area  through  the  atmosphere, 

K.T  - evapotransplrat  Ion  or  w.iter  leaving  the  .ii  e.i 
as  vapor, 

OF  “ outflow  or  liquid  water  It'.ivlng  t hi-  art-a 
through  streams  and  .uinllers; 

which  simply  stated  says  that  water  enter  li\g  the  .ii  fa  Is  I'qn.tl  to  watei 
leaving  the  area. 

In  estimating  a water  budget  for  the  project  .area  onlv  those 
t.ictors  whose  variations  are  Import.int  In  cintt  ro  1 1 1 ng  the  .tmonnt  ot 
w.iter  av.illable  to  the  area  need  be  Ci'ns  Ulereil . I'ln'  terms  tor  Int  low 
ilKl  and  outflow  (OK)  consist  of  both  grinnul  w.iter  and  snrt.ice  w.itei. 

The  amounts  of  ground-water  Inflow  .iiul  outflow  h.ive  not  been  di-tt'i  mined 
but,  since  the  amount  ot  ground  water  stv'ievl  In  the  ait'a  rt'm.ilns  ri'la- 
t Ively  constant,  only  the  dltference  between  the  two,  or  cli.ingi'  In 
ground-water  storage  (.NOW),  lu'ed  be  considered.  Mv'st  ot  the  suit. ice- 
water  infli’W  .iiul  ontfK'w  .ire  t I'prest-nl  ed  in  the  .ivi-i  age  v't  I I , t'lH'  >tc,.il  d 
ot  treshw.iter  th.it  enters  the  estn. tries  through  m.ijoi  rivers.  I'h  i s 
w.iter  results  f i .’in  precipitation  that  tails  I'utside  the  project  aie.i, 

.wid , while  It  Is  of  vital  importance  to  the  chemical  qua  I 1 1 v aiul  ecolog\ 
ot  the  estn.iiles  .ind  sounds.  It  Is  l.iigelv  tsi'lati-d  t i om  the  lnteiu.il 
hvdrologv  ot  the  .ire.i.  rhereli'ie,  I'u  1 v the  t luu't  t t,Ki'N  ii'-.ultiug  t t om 
prec  i p 1 1 .1 1 ion  within  tin-  project  .iiea  will  be  tn.ludi'd  in  the  , no. il 
w.iter  budgets. 

I'onsldeiiug  onlv  those  i'omp>>neut  s th.it  ot  tgiii.ite  witliiii  t lie  studv 
.ire.i,  equation  1 m.iv  be  rest.iteil; 

K n ♦ Kl'  t NOW  iJN 
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whore  I’  auJ  KT  roiiuilvi  the  same  as  Oii\>at  li'ii  1 anil: 

KO  “ ruuot  t iosultlv\j;  1 tv'W  I'voo  ii’ 1 1 at  K’n 
within  iho  area 

AtlW  - ohau^o  lu  ^ronnki-wal or  slorago,  I'l  the 
>.1 1 1 U'l'ouoo  bolwoou  >'.vovu\i.l-wai  01  Inllow 
and  ^i'«.HUiJ-wat  or  oul  I low  throiioji  aitnlti-is. 

Kaoh  ot  those  olemoius  will  ho  dlsovissod  In  tho  tollowino.  sovMlons. 


free  Ip t tat  Ion 

f 1 1 Imat  e ly  , the  snv'v  I-'*'  water  available  to  northeast  North  fatv'- 
l Ina  Is  derived  t rom  atmos\'hor  ie  I'ree  Ipl  t at  Ion  . Vho  moan  annnal  pio- 
elpltatlon  thron>thout  tho  area  Is  about  ‘>0  In  vr.  I'onvortod  t >'  volnmo 
this  represents  870  "'I'  ) ''■f  annnal  avoray.o  ot  abiuit  8 tiil- 

llon  ttallons  of  rainfall  per  voar  for  tho  entire  area.  Vhoso  avoraiti' 
t Ignres  can  varv  >troatly  however,  both  from  plaeo  to  plaoc'  and  t rom  t Inu' 
to  time.  As  shown  on  f lijure  d,  pree  Ipltat  Ion  ranges  trom  about  *8  In  vt 
or  8s0  iMital  ml' I vr  In  the  northern  part  of  the  area  to  .ibont  in  vr 
or  980  iMjtal  ml' > vr  In  the  southern  part  of  tho  area.  figure  ■*  shows 
the  expected  distribution  of  total  annual  precipitation  over  long 
periods  at  New  Bern,  N.O.  During  verv  drv  years,  proc  Ipltat  ion  m.av  be 
as  low  as  J5  in  and,  in  eKtvewely  wet  years,  as  high  as  SO  In.  freclpl- 
tatlon  frequency  curves  similar  to  those  ot  figure  •*  could  be  con- 
structed for  other  stations  in  northeast  North  Carolina. 

As  shovm  on  figure  5,  the  average  precipitation  in  this  part  of  the 
state  is  distributed  fairly  evenly  throughout  the  year.  The  aver.age 
monthly  precipitation  is  usually  higher  during  July,  August,  and  Sep- 
tember. In  a given  year,  however,  .my  montli  c.in  be  »'itlu'i  exci'Sslvelv 
wet  or  excessively  dry.  These  patterns  .ire  tvpic.il  ot  tho  studv  aii'a. 

The  information  shown  on  t Igures  3-S  omphaslce  tho  variability  in 
the  amount  of  new  water  that  reaches  the  area  t r,'m  voat  to  vi'.ir.  Those 
vaclat  Ions  will  take  on  Increasing  slgnltlc.inoo  as  wo  ov'nsidi'r  wh.it 
happens  to  the  precipitation  once  it  reaches  Kind  suttaoo. 
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ANNUAL  PRECIPITATION, 
IN  INCHES 


PROBABILITY  OF  ANNUAL  PRECIPITATION  BEING  EOUAl 
TO  OR  LESS  than  VALUE  SHOWN,  IN  PERCENT 


E i>;uvo  4. — Kroqiu-iu-v  iiirvi'  of  . miui.il  prtv  ip  i t .it  i on  .it  Now  Boiii,  N.i’ 


Flj^iire  S. — Averago  mouihly  precipitation  at  V'liz.ibotli  I'itv, 
and  Belhavt'ii,  N.C.,  IRlO-bO. 


LIMETRES  ■ annual  precipitation 

IN  millimeters 


Evapotransplratlon 

In  northeast  North  Carolina  evapotransplratlon  avora>>es  about  34  in 
per  year,  and  results  in  the  return  of  roughly  two  thirds  of  the  rain- 
fall back  to  the  atmosphere.  In  heavily  vegetated  areas,  which  include 
much  of  the  project  area,  evapotransplratlon  has  first-call  on  rainfall, 
and  during  periods  when  potential  evapotransplratlon  exceeds  precipi- 
tation there  is  effectively  no  water  available  to  replenish  the.  liquid 
portion  of  the  hydrologic  cycle.  During  the  months  of  May  and  June, 
evapotransplratlon  usually  exceeds  average  rainfall  (fig.  b) . During 
such  periods  a moisture  deficiency  exists,  and  a part  of  the  water  used. 
Including  both  natural  and  man-made  consumption,  mu.st  come  from  storage. 
Generally,  except  in  spring  and  early  summer,  precipitation  exceeds 
evapotransplratlon.  However,  the  minimum  monthly  precipit.ition  graph  on 
figure  6 shows  that  evapotransplratlon  losses  can  exceed  precipitation 
almost  any  month  of  the  year.  Conversely  precipitation  can  be  tlie 
higher  of  the  two  for  any  month. 

Evapotransplratlon  losses  tend  to  be  much  more  constant  than  rain- 
fall from  one  year  to  the  next.  Tlierefore,  tlte  large  variations  in 
annual  precipitation  result  in  significant  differences  in  the  amouitt  of 
rainfall  available  to  replenisli  tlie  water  removed  from  .storage  to  meet 
man's  needs.  Figure  7 shows  total  precipitation  and  cvapot ransp i rat  ion , 
as  calculated  by  Thorntiiwaite ' s method  (Thornthwaite  and  Mather,  1^37), 
at  New  Bern  for  1952-70.  During  the  wettest  year  (1955)  rainfall  ex- 
ceeded evapotranspiration  by  36.1  in.  However,  during  the  drie;u  vear 
(1954),  precipitation  exceeded  evapotransplratlon  by  only  8.4  in. 
Volumewlse  this  represents  627  (Mgal/mi^) /yr  in  1955  and  146  (.Mi’.al/ 
rai2)/yr  in  1954,  or  a difference  of  481  (Mgal  ,/mi  •’) /yr  of  excess  precipi- 
tation between  the  two  years.  If  the  entire  period  of  preeipltat ion 
record  (1872  to  present)  at  New  Bern  Is  considered  the  minimum  precipi- 
tation at  New  Bern  was  35.3  in,  in  1897,  which  is  1 in  less  than  the 
maximum  calculated  evapotranspiration  in  1970. 

The  obvious  implication  is  that,  at  least  for  periods  as  long  as 
one  year,  little  or  no  net  replenishment  of  water  supplies  may  occur  in 
the  area.  It  is  impractical  to  attempt  to  predict  the  likelihood  ol 
guch  conditions  occurring,  but  the  cumulative  frequency  curve  of  figure 
4 Indicates  that  precipitation  as  low  as  35  in  is  not  expected  to  occur 
more  often  than  about  once  in  100  years  on  the  average.  Equivalent 
curves  for  both  potential  and  actual  evapotranspiration  calculated  from 
climatological  data  at  New  Bern,  shown  on  figure  8,  indicate  th.it  there 
is  about  a 3 percent  chance  that  actual  ev.ipotranspirat ion  will  equal  or 
exceed  36  In  during  any  one  year.  Because  there  is  no  assurance  that 
minimum  precipitation  and  maximum  evapotranspiration  will  occur  simul- 
taneously, It  Is  not  possible  to  predict  the  frequency  of  an  annual 
moisture  deficiency,  but  it  is  expected  to  be  less  frequent  than  once 
each  100  years  on  the  average. 


PRECIPITATION  AND 
EVAPOTRANSPIRATION,  IN  INCHES 


PRECIPITATION  AND 
EVAPOTRANSPIRATION.  IN  MILLIMETERS 


Duration  curves  of  evapotranspiration  based  on  climatological  data  at  New  Bern,  N.C 


Sui  t ;u‘o-Wati“r  Kmuit  t 


Ono  ot  tl»f  major  ^^aps  lii  prosoiil  knowUnl^o  of  flii‘  tiytlrolontc  syHti'ni 
ill  nor  t hoast  oni  Nortii  l\iroliiia  Is  llttlo  UiriH’t  liilorwat  loii  conrornlnn 
surf  aro-wat  or  nmol  f rharar  Lor  1st  los.  Uoiaii.so  m.ijor  rlvora  aro  tidal 
and  non*tldal  slroams  iiro  small  and  liavo  llttlo  slopo.  It  la  not  \iossi- 
Mo  to  moasuro  stroamllow  by  oonviait  Iona  1 t oolin  Iqnos . I'lii'  major  rlvor 
ohannols  aro  drownod  romnants  of  anrloiU  i Ivor  valloys  cut  wlioii  sea 
level  was  lower  than  it  is  at  present,  and  they  ari'  eaj'able  of  trans- 
porting mueh  p.roator  qnantitlos  ol  wati'r  than  passes  thronp.h  t liom  now. 

As  a re.snlt,  not  siMward  t low  in  them  Is  extii-im  lv  slupi'lsh  and,  over 
short  periods  ot  t Imo,  the  iliroetlon  ot  I low  m.iv  bo  npstri-am  la  ri’sponso 
to  winds  or  ooi'an  tidi's.  SmalliT  stiiMms,  at  least  in  the  interior  ot 
the  area,  may  not  be  aiipris- lably  altoitod  by  tidal  haekwator,  but  the 
slopes  of  their  ehaniu-ls  aio  so  low  that,  at  lower  flows,  veU'eltii's  in 
tlu'm  are  too  low  1 1'  tiu'asnif. 


There  aro,  however,  two  method:',  for  ost  imat  hi)',  tlu'  amount  ol  stie.im- 
t low  or  runoft  resulting  from  proe  I]' 1 1 a t 1 on  within  the  area.  Ono  is  to 
assume  tlnit  valnfal  l-rnuof  f relations  viovi'lopod  tor  y,a>tinn  stations  lusit 
the  westi'rn  porlnu'ter  apply  throu>;hout  the  area.  Stroamllow  statist  les 
developed  in  this  manner  are  ini’sentoii  in  a later  si-etion.  Tin'  roll'  ot 
streamflow  in  the  qross  areal  water  hndijet  ean  be  ealeul.iti'd  uslnp,  avi'r- 
ayte  precipitation  as  ‘>0  in.  In  equation  2 and  the  duration  curves  lor 
I'otent  lal  evapotranspi  rat  Ion  flip,.  Hi.  This  h.is  been  done  on  flpure  ‘I 
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which  shows  the  trcqucucy  with  which  unuiisl  stiiMiiil  low,  sliowii  as  nmol  1' 
In  Inches,  way  be  expected  to  be  ocpial  to  or  less  than  icrialn  values. 
It  Is  seen  that,  using  potential  evapot  raiispirat  Ion  values,  the  I'Sli- 
nuited  annual  runot't  equals  about  l.‘)  in/yr,  which  is  ronp.hly  ‘>4  |)ercent 
of  the  precipitation  that  Is  left  after  the  demands  of  evapot ranspl- 
ratlon  are  met. 


tlround-Wat  e.r  Cont  r ibut  ion  to  JUmol  1_ 

All  of  northeastern  North  t'.arolina  is  underlain  by  a series  I'l 
sedimentary  rocks  ranging  in  total  thickness  from  about  400  li-et  in  tlu' 
northwestern  part  to  10,000  ft  at  Oape  Hatteras.  A I'ortion  ot  the 
precipitation  falling  on  the  area  percolati's  through  the  soil,  and, 
below  a certain  level,  fills  the  pi'res  between  the  grains  ol  the  sedi- 
ments. The  depth  at  which  the  sedime\its  become  completely  saturati'd  is 
called  the  water  table  (fig.  10),  and  water  can  be  withdrawn  from  wi-lls 
completed  below  this  depth.  fhe  amount  that  can  be  withdr.iwn  depmids 
primarilv  upon  the  thlcknes.s  ol  the  saturated  sediments  and  thi'  isise 
with  which  water  can  move  through  the  pores.  fhe  water  table  itsell  is 
free  to  rise  and  fall  with  prevailing  cemdi  t ii'ns , aitd  m.iv  rang.e  I rom 
l.md  surface  to  a depth  of  about  10  ft  beliiw  land  surfai-e  over  most  ot 
the  area.  In  deeper  zones  water  may  become  entrapped  beneatl\  i ij'.iii 


Figure  K). — liifferent  types  of  grontul-w.iter  environments  in  norl  beast 

North  Carol Ina. 
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layers  of  olay  or  silt  and  bo  oont  luod  niulor  pressure.  Water  levels  In 
wells  penetrating  these  pressurized  zones  may  rise  anywhere  from  a few 
loot  above  the  bottom  ot  the  eontlntng  bed  to  several  feet  above  land 
surtace;  but  In  eltlter  ease  sneh  wells  are  called  artesian  wells. 


Movement  of  water  underground  Is  very  mueli  slower  than  movement 
over  the  surface.  I'.ven  in  the  deeper  aiiullers,  lu'wever,  water  Is  In 
constant  motion  and,  through  various  routes,  ts  nuiking  Its  way  to  the 
sea.  It  Is  estimated  that  the  total  recharge  to  the  water  table  aver- 
ages abo\»t  11  In,  or  1*10  (Mgal /ml*  ) / vr . I'nder  natural  conditions  abi'Ut 
10  In  of  this  recharge  rapidly  seeps  Inti'  niMrby  streams  and  drainage 
channels  and  leaves  the  area  as  base  runotf. 

An  additional  amount  of  water  enters  and  leaves  the  area  under- 
ground as  ground-water  Inflow  and  outflow.  At  present,  then*  Is  no  wav 
of  directly  estimating  the  nuignltude  ot  eltlu-r  ground-water  Inflow  or 
outflow,  but  It  Is  possible  to  Include  them  lu  the  .ireal  water  budgi-t  a' 
the  excess  of  outflow  over  Inflow  (AOWl  as  calcul.ited  I torn  eipuit  Ion  . 
The  resulting  value  Is  I In  or  17.4  IMga I /m 1 • ) ^ vr . 


Are.il  W.Ui'r  budget 

A schematic  representation  ot  the  operation  v'l  the  hvdiolog.ic  i-vcle 
in  northeastern  North  l\irolina  is  shown  on  itgure  11.  The  numbers  used 
to  comi'ile  the  1 1 lust  r^lt  Ion  are  estlm.ites,  and  no  degriu"  ot  I'leelsiou  is 
implied  tbit  would,  for  example,  allow  the  exact  sepai.it  ion  ol  1 in  ot 
ground-water  outtlow  from  the  other  components  ot  the  cycle,  t'eri.iin  ot 
the  coinpi'uents  such  as  precipitation  .ind  stre.imflow  h.ive  been  mi'.isureil 
ilirectly  In  parts  of  the  area;  and  others,  such  as  I'v.tpot  ransp  I rat  ion , 
overland  runoft,  and  ground-water  runot  I were  c.i  1 cu  1 .i  t i‘d  using  general  I' 
■iccepted  methoils.  Thev  repre.sent  the  be.st  I'tti'it  ui’w  pos.slbli'  .it 
establishing  the  gross  areal  water  budget  th.it  is  b.islc  to  pl.iuiiiiig  lull 
development  ot  the  w.iti'r  resources  ol  the  .ire.i. 

I'he  only  sigiiit  leant  portion  of  the  tot.il  w.iiei  lesouices  ol  i he 
.ire.i  missing  t rom  this  picture  is  water  stored  in  sui  I .ue-w.it  ei  bovlies 
.uul  in  undergri’und  reservoirs.  Surt.ice-water  stor.ige,  while  t rei'.UMidous , 
Is  prob.iblv  not  slgnit  leant  Insofar  .is  w.ilei  supply  is  concerned  bec.iuse 
most  ot  It  is  in  estu. tries  and  sounds,  which  .ire  s,i  1 1 v . Ad.l  i t i I'li.i  I 1 v , 
there  Is  .i  rel.it  Ivelv  small  amount  ol  Ireshw.iter  stored  in  n.itur.il  l.ikes 
th.lt  m.iv  be  slgnlt  leant  for  local  supplii's  but  not  to  the  ovi-r.ill  w.ilei 
budget.  Cround-wat  er  storage  Is  also  iremeiuh'us,  .uul  will  bi'  iliscussed 
Hu.int  Itat  Ively  In  later  sections  devoted  to  tndlvldu.il  aqultei  systems. 


til 


Figure  ll  also  Illustrates  t l»v'  tut  I'lilt-ptMiiU-ui  y ol  all  as(>«-its  ol 
the  areal  Water  budget,  and  eltMrlv  suggests  that,  when  man  alteis  tin- 
natural  operation  ol  tlu^  cyele  hy  large  withdrawals  ol  watei,  he  must 
consider  the  overall  eouseiiuenees . I'lu’  otie  unalterable  pat  t ol  t bi- 
cycle is  total  priH- Ipitat ion,  which  controls  the  amount  ol  new  water 
entering  the  area,  and,  though  it  vat ies  greatly  trom  year  to  year,  is 
beyond  man's  capability  to  intlueuce  significantly  at  present.  The 
second  most  firmly  set  part  is  evapi)t ranspirat ion  which  has  first  call 
on  precipitation  and,  during  dry  vears,  consumes  it  at  the  expense  of 
other  parts  of  the  cycli'.  It  is  pi'ssible  to  reduce  evapot  ranspirat  Ion 
by  removing  deep-rooted  vegi-tatlvni  .ind  drastically  lv'>werlng  the  water- 
table  of  shallow  aquifers  by  diti-hing  or  areal  pumping  of  shallow  ground 
water.  These  pr.ictlces,  lu'wevct  , may  have  far-reaching  elfects  on  the 
ecology  ol  the  area.  Wliile  these  eftects  might  be  tolerable,  careful 
study  of  them  is  .idvis.ihli'  bet  ore  the  practices  are  allowed  to  occur 
w Idespread . 

l.arge-sc.i  It'  pumping  ol  ground-w.it  er  t ri>in  the  deeper  zones  (lime- 
stone ami  lower  .U|niters)  tends  to  indnee  more  recharge  to  these  zones 
which  must  eventual  Iv  he  at  the  I'xpense  of  other  parts  of  the  hydrologic 
eye le . 


SllKFAi:i;  WAl’KK 

Despite  the  iibnndanco  of  snrlace  water  In  Northeast  North  Carolina, 
there  Is  far  less  direct  tnfonnation  concerning  the  flow  characteristics 
of  streams  In  this  area  than  for  any  ocher  part  of  the  state.  This  Lick 
of  inform.it  ion  Is  partly  a result  of  the  fact  that  low  stream  slopes  and 
tidal  influence  make  me.isnrement  of  streamflow  by  conventional  tech- 
nupios  impossible,  and  this  are.i  has,  therefore,  been  largely  ignored  in 
basic-data  collection  \>rograms.  Flow  data  have  been  collected  at 
appiM.x  im.it  e I y 100  sites  on  sm.i  1 1 streams  In  the  project  area  (fig.  12), 
but  .It  most  of  these  only  a few  measurements  were  made  and  these  at  very 

low  flows.  Contiiuums  flow  records  have  been  collected  at  only  seven 

locations  within  the  area.  All  ol  these  lie  In  the  higher  areas  west  of 

rtie  Pamlico  escarpment,  and  the  degree  to  which  these  data  are  charac- 

teristic ot  the  more  low-lvlng  outer  Coastal  Plain  is  not  known. 
Recognizing  the  nneert.ilnt y involved,  tlie  data  that  are  available  liave 
been  extr.ipolated  ti’  provide  estimates  of  the  characteristics  of  surface 
waters  thronghont  the  area.  Tliese  characteristics  are  described  In 
following  sections  of  the  report. 

Although  l.irge  estu. tries  .ind  sounds,  tli.it  mostly  drain  areas  out- 
side the  project  .irea,  dominate  the  topography  of  northeast  North  Caro- 
lina, surface  drainage  or ig ln.it ing  within  the  area  Is  most  Important 
Insofar  .is  the  areal  hydrology  Is  concerned.  Detailed  maps  show  that 
Intern. ll  n.itnr.il  drainage  Is  accompl  ished  by  two  distinctly  different 


i 

systems.  lii  tho  western  piirt  ot  the  areii,  where  land  surtaee  Is  more 
than  2!>  ft  above  mean  sea  level  (fig,  2),  the  well  defined  dendritic 
stream  system  conmion  to  the  Inner  Coastal  I’laln  and  I’ledmi'nt  terrains 
f:  provides  for  distinctly  channeled  surtace  runoff.  Fartl\er  east,  where 

the  land  surface  Is  less  than  10  ft  above  mean  sea  level,  the  stream 
system  diminishes  to  a few  short  cliannels  that  tend  to  drain  perpen- 
dicularly Into  the  larger  rivers  and  sounds.  The  luimber  ot  miles  of 
natur.tl  stream  channel  per  square  mile  of  drainage  area  here  Is  only  a 
sm.»ll  fraction  of  that  tound  farther  inland, 

I’here  are  two  possible  Implications  ot  this  lack  of  a well-defined 
dr.ilnage  pattern.  The  first  is  that  there  is  not  enough  local  runoff  to 
require  a natural  drainage  system  ot  t lie  same  magnitude  as  that  required 
t.irther  Inl.ind.  The  gross  areal  water  budget  eipiat  Ion  (equation  21 
shi'ws  th.it  this  assumption  is  tenable  only  It  evapotranspirat  ion  is  sut- 
tlclentlv  gre.iter  in  the  outer  Co.ist.il  I’l.iln  to  consume  much  of  the 
w.iter  that  elsewhere  becomes  stream! low.  The  second  possible  impli- 
c. It  Ion  Is  tli.it  the  amount  of  surtace  drainage  is  consistent  with  wh.u 
might  be  expected  tri>m  the  amount  ot  prec  I p 1 1 .it  ion , but  the  nature  of 
the  runot  t Is  difterent  In  the  outer  Co.ist.il  Tlain  f ri'iii  that  in  the 
Inner  Co.ist.il  Plain. 

The  exact  nature  ot  the  drainage  is,  to  a degree,  speculative. 
Vlsu.il  observations  indicate  that,  during  periods  ot  heavy  raiiitall,  the 
tew  n.itur.il  streams  expand  ti’  great  widths  .ind  cover  large  areas  of  the 
land  surt.ii’e  with  wii.it  amounts  to  sheet  tlow  or  "swamp  dr.i  in.ig.e . " 

[j  Bec.iuse  ot  the  very  low  land  slopes,  this  f K'w  cons  i st  ent  1 v does  not 

re.ich  velocities  high  enough  to  cut  well  dot  ined  stre.im  channels,  except 
in  pi. ices  where  indentions  in  shorelines  ot  estu.iries  and  sounds  allow 
the  tlow  ti'  concentrate  and  escape  from  the  land  m.iss.  thice  Hood  flows 
h.ive  subsidl'd,  the  drainage  is  continued  in  the  lorm  ot  seepage  from  the 
.swamps  to  the  shoreline  channels.  T'hese  ch.innels  .ire  inundated  remnants 
ot  ancient  channels  c. lived  by  erosion  at  a Lime  when  si-.i  level  was  much 
lower  th.in  it  is  now,  llieii  c.ip.icity  to  transport  water  is  so  gre.it  In 
proportion  to  the  amount  that  presently  si'eps  Into  them  during  low-flow 
pi'fiods  th.it  net  lU’wnstre.ira  velocities  are  too  low  to  be  iiie.isured  bv 
. onvent  iiui.il  t echn  iqiu's  . 


Ayi- r aji^e  S 1 1 1- . t m 1 1 iiw 

M.ijor  Kivi'is 

barge  rivers,  including  the  tdiowan,  Ko.inoke,  l.ir,  .nid  Ni'use  Rivers, 
ci'iivey  freshwater  from  a total  of  nearly  2ll,0tH)  ml"  into  the  proji'ct 
.ire.i.  riie  tot.il  average  flow  of  all  of  these  rivt-rs  is  1 7 . SOO  tt'/s 
which  probably  amounts  to  about  three  times  as  much  stre.imflow  as  origi- 
nates within  the  area  itself. 
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Ni'iu'  ot  t ln> 
but  II ow  i s wi‘  1 1 
siiio  tlu'  pro) or t 
oartt  St  roam  Itavo 
this  t'orm  ran  bo 


mator  r Ivors  havo  lu'ou  paia'il  witliin  tlu-  piojort  aioa, 

lit'liuoii  tor  oO  1 1'  'HI  pcioi'ii!  ot  t hi-  li  i .1 1 navU'  .11  oa  luil- 

limits.  I'low  data  I rom  (ho  iiu'sl  down-. (loam  r.ar.o  ou 
boon  oxpros^u'd  as  disohatpo  poi  ^;l|llalo  milo,  and  in 
usod  to  t'sllmali'  I U'w  into  t lu'  aii'a.  On  a lonp.-Ii'tiu 
basis,  avoiMgo  Mows  on  a unit  Inisis  Ihrouph  all  ot  tho  maioi  rivi-rs  aro 
within  narii'w  limits,  ranp.inp,  irom  0.8il  ittVsVmi'  lor  tho  Ki'anoko 
Rivor  to  l.OS  i,  t t ’ /s) , mi  ■ loi'  tho  Ni'uso  Kivor.  lln'Si'  diltoionoos  ari- 
larjtoly  a rosult  ot  dilloronoos  in  tainiall  I'Vi'r  tho  vatiiun;  tivi.'i 
basins.  I'or  shot  tor  pori.'ds,  howovi'i  , 1 1 ow  ran  vai  v rons  idi'i  .ib  1 v Irom 
avorapo  v.iluos.  I'ipuii's  M-ln  show  Irovpu'urv  ruivvs  lot  annual  avot.ir.o 

d isoh.irpo'S  tor  oarh  ot  t lu'  tout  ma)or  t Ivors.  I'hoso  v ui  vos  dot  i no  tho 

prob.ibility  ot  tho  annu.il  disrh.itjn'  boinv,  oiiu.il  to  or  loss  ih.m,  .1 
spooiliod  v.i  1 no  durinp,  .inv  voai  . I'oi  t'x.niiplo,  tho  1 1 i'i|uonov  oui  vi.'  lor 
Nouso  Kivor,  shown  vni  t ippiro  In,  slunos  that  in  anv  ono  vo.ii  tho  piob.i- 
bilitv  ot  tho  aitnu.i  1 .ivor.iy.o  disvh.ir>;o  hoitty,  loss  than  ll.  * i,  1 t si  'mi 
is  1 poroont  . .\lsi.>  t rom  t ijpiro  (>,  tho  probabilitv  that  tho  t low  will 

oxoood  J.l  (tt  ' 'sl  'mi'  in  .in\  ono  vi'.ir  is  1 pi'i  ront  . 


I'hi'so  il  i Si'h.ir  j’,o  st.it  ist  irs  tor  m.ijor  rivois  show  tho  xari.ihilitv  ol 
avor.u'.o  n.iiuial  int  U'ws  ot  iroshw.iior  tuti'  tho  stud\  ,ii<a.  Iho  no\t 
sootion  disrussos  avi-i.iy.o  1 lows  ol  stto.uns  oiir.in.it  inr,  within  tho  aroa. 


i 
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1 n t ra--A  1 oa  t roams 

In  tho  .ibsi-iu’o  ol  diro.-t  i n t orm.i  t i v>n  r onroi  n i nr,  tho  \ ,1  r i ,1 1 1 ons  in 
surt.u'O  runott  ovot  murh  ..>1  t lu'  aio.i,  tlow  rli.iravt  01  i st  ios  ran  onlv  hi' 
ostinuitod  t rom  d.it.i  rollortod  .it  tho  hi.v.lior  olovalions.  l ot  poriods  ol 
t imo  .IS  lon.i;  .IS  .1  vo.ir,  thoso  oslim.itos  .110  prob.ihlr  v.ilid.  I'or.nnio 
ov.ipot  r.insp  i r.i  t i on  is  t.iiilv  roust. ml  Irom  vo.ir  to  vo.ii  .iiul  wo  h.ivo  .is- 
sumod  it  to  bo  roust. int  .irros;;  tho  iitudv  .iro.i,  thru  .innu.il  tlow  v.iri- 
at  tons  should  bo  viopondout  u\>ou  v.ir  i .it  ions  in  pvor  i p i i .it  ion  . Viy.uro  1’ 
is  .1  plot  ot  .innii.i  1 runol  I lot  .til  r,.ii;inr,  st.it  ions  in,  01  110,11  , t lu- 
projort  .iro.i  and  .innii.il  r, tint. ill  1 on'idi'd  .it  tlu’  N.ition.il  U'o.ithor 
Sorviro  Ra.r,o  no.irosi  o.irh  indivuiu.il  sito.  Iho  rorro  l.it  ion  roollirioiit 
Jor  t lu'  ro  lal  ionsh  ip  is  t'.78,  .uul  sooms  to  suppot  t tin  .is  sump  t i on  t h.U 
.innu.il  nmol  t r.iti  bo  ostim.itod  bv  sub  t r.ir  t i nr,  .tvoi.ir.o  .iinm.tl  ov.ipo 
t i .insp  i r.it  ion  t rom  .iniuial  pi  or  1 p 1 t .it  i on  . I'li'.uto  It'  shows  .innu.il  lunolt 
.irross  tho  .110.1  oslim.itoil  irom  mint. ill  .iiul  tho  rui  vo  ot  Iti'.uio  I'.  I'lu' 
r.ilrul.iti'd  runott  w.is  rhorkod  .i,r,.iinst  mo.isurod  tiinoll  .it  livo  r„ir,in,r, 
st.lt  ions  ill  Ol'  no. it  tho  study  ,110.1.  I'.irh  ol  tho  p,.ir,in.r,  st.it  i.'iis  h.id  .it 
to. 1st  livo  vo.irs  ol  rorord  .uul  iiio.isuiod  runott  t rom  .it  lo.ist  .'0  mi  . 

I'ho  v.iluos  ol  r.ilrul.itod  .ind  mo.isuit’d  riinoll  woro  110,11  1 v idontir.il. 
Kl>;iiro  1/  r.in  .1 1 so  bo  usod  in  rou)unrtiou  with  tir.uio  i to  ostim.ito  tho 
r.inno  in  vi'.iilv  runol  I . I'oi  ox.implo,  tir.iiro  1 shows  tli.ii  Ihoio  is  .ibout 
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Drainage  area  is  2060  miS  Blackwater  R.  at  Franklin 
and  Nottoway  R.  at  Sebrell 
Drainage  area  is  2500  mi^  at  Chowan  R at  N.C.-Va. 
State  line 


omple:  ztrtr 

There  is  a 50  percent  chonce  in  any  one 
year  that  the  annual  mean  dischorge  will  be 
equol  to  or  less  thon  0 80  ( ft  Vs ) / mi  ^ 
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Figure  13. --Frequency  curve  of  annual  ivean  discharg'’s,  combination 
of  Blackwater  River  at  Franklin,  Va.,  and  Nottoway  River 
near  Sebrell,  Va. 


Drainage  area  is  8410  mi-'  at  site 
Drainage  area  is  9300  mi-  at  study  boundary 


There  is  o 50  percent  chance  in  any  ane 
yeor  that  the  annual  mean  discharge  will  be 
.equal  to  or  less  thon  0 80  ( ft  ^/s) /mi  ^ 
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Figure  14. — Frequency  curve  of  annual  mean  discharge  of 
Roanoke  River  at  Roanoke  Rapids,  N.  C. 
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Klmire  IS.  — Frequency  curve  of  .tnnu.U  menu  illHctiatise  of 
Tar  River  »t  Tarboro,  N.  i.'. 


liralna>;e  area  is  Jb^O  ml'  at  site 
nralna>;e  area  is  sSOO  ml-  at  stiulv  bouuaar\ 


an'ple  j { t 

There  is  o 50  percent  chonce  in  ony  ! 
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PROBABILITY,  IN  PERCENT 

Fluure  lb.  — Frequency  curve  ot  annual  nn'au  ilisctiaryte  of 
Neuse  River  near  Kinston.  N.  t'. 
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Hj;viri'  17. — Ri't.itton  ot  annual  rnnnft'  at  j’ai’.itu;  'iilf;  in 

North  t'lrolfna  to  annual  proc  ip  i t at  ii'n  at  (ho  lU'ata'st  National 
Woattu'r  Si'ivioo  gap.o. 


40  in  runot  t will  t'o  about  11  in.  It  tol  K'ws  that  runot  I will  lu-  oqual 

to  or  loss  than  11  in  about  4 poroont  ol  t lu'  vt’.ii  s. 

In  ordt'i  to  I'valu.ito  tin'  pvUontial  I’t  int  ra-.iro.i  suit. no  Oiain.u’.o 
for  prodiK'ing  usablo  w.itor  siipplios,  siuiio  kiiowl  oiipa'  ot  \ai  i.it  i»'ns  in 
runoft  for  poriinls  shortor  th.m  a voar  is  nooiloii.  Annual  runot  1 will 
vary  from  vo.ir  to  vo.ti  . but  ovon  gro.itor  v.ii  iat  iv'tis  t'orur  in  t unott  ovor 
poriods  of  davs  ot  wt'oks.  Kvon  tlnnigh  tin'  avt'r.ipa’  runot  t m.iv  bo  on- 
tlrely  adonu.ito  tor  a pivt'ii  iii'od,  runoft  is  not  ovonlv  d i st  t ibut  od 
throughout  a vi'.ir.  .uul  for  oxtondoii  poriods  lainot  f will  bo  tar  K'Ss  than 
average  v.iluos.  Kiguro  l^i  shi'ws  avor.igo  monthlv  ruitot  t tor  st  roams 
within  tho  ptojoot  .iro.i.  I'ho  K'wor  flows  t ouvi  to  oootn  during  tho  tall 

when  prec  i p i t at  ion  is  low,  .niii  t'v.ipi't  r.tnsp  i i .tl  ion  losst's  aro  still 

relatively  high.  Higher  flows  ocour  in  winter  when  ovapot  r ansp  i rat  ii'tt 

is  at  a minimum.  Tho  mi’Hthlv  values  shown  .no  b.tsod  upon  d.tt.t  oollootod 
at  gaging  st.it  ions  th.it  gt'norallv  have  loss  than  ton  vo.irs  ot  oont  imu'us 
record,  and  m.iv  not  bo  strict  Iv  roprosont  at  i vo  iM  long-term  .ivov.igi's. 
They  do,  however,  indie. ito  tho  gonor.il  so.ison.il  v.iri.uions  that  might  bo 
expected.  Even  .iver.igo  nu'iithlv  v.iluos  do  not  ontirolv  dot  int'  tho  tlow 
variations  that  must  be  accounti'd  for,  because  those  v.iluos  ropii'sont 
the  .average  dlsch.irgo  for  a j'.irt  icular  month  tivor  .i  pt'i  lod  of  sever. il 
years.  Obviously,  as  is  shown  by  tho  precipitation  curves  on  t iguit'  b, 
any  given  month  will  bo  much  tirier  some  years  th.in  it  is  in  otlu'i  vo.irs. 


ANNUAc  RAINfA'.L,  IN  MI^^IVETEOS 


EX r IAN AT  I ON 


18^  Gating  station.  Number  Is  average  annual  runoff  In 
A Inches  (1965-70), 

Line  of  equal  average  annual  runoff.  Interval  2 Inches. 


Figure  18. — Average  annual  runoff  calculated  from  rainfall-runoff 
relationships,  and  measured  runoff  at  gaged  sites,  1965-70. 


Low  Flows 
Major  Rivers 

The  estimates  of  variations  in  average-annual  discharges  shown  on 
figures  13-lb  are  useful  for  evaluating  general  variations  in  fresh- 
water inflow  into  northeast  North  Carolina  or  into  the  estuaries  and 
sounds;  but,  for  most  management  purposes,  flow  characteristics  that 
might  prevail  over  shorter  periods  are  more  important.  Usually  the  most 
critical  periods  are  those  of  prolonged  low  flow,  when  salinities  in  the 
estuaries  and  sounds  are  likely  to  be  highest,  and  circulation  and 
flushing  rates  within  these  tidal  waters  are  at  a minimum. 

Low-flow  characteristics  of  major  rivers  entering  the  area  may  be 
evaluated  by  use  of  low-flow  frequency  curves  which  show  the  probability 
of  flows  being  equal  to  or  less  than  a given  value  for  a specified 
number  of  consecutive  days.  Figures  20-23  show  low-flow  frequency 
curves  for  7,  30,  60,  120,  and  183  days  for  each  of  the  four  major 
rivers.  These  curves  are  compiled  from  data  gathered  at  the  most  down- 
stream gaging  station  on  each  stream,  except  for  the  Chowan  River  which 
is  based  upon  combined  flows  from  Blackwater  River  at  Franklin,  Va.,  and 
Nottoway  River  near  Sebrell,  Va.  So  that  inflow  from  different  areas 
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may  be  compared  on  an  equal  basis,  flow  freipiencv  data  are  sbi'wn  In 
units  of  cubic  feet  per  square  mill-. 
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'there  is  a marked  similarity  in  low-flow  freqiu-ncy  values  lot  all 
of  the  rivers  except  the  Koanoke,  where  natural  low  t lows  are  aup.niented 
by  releases  from  Kerr  Reservoir  and  l.ake  tlaston.  The  s i>;n  i I icance  ol 
this  low-flow  aujtmentaL ion  is  illustrated  by  the  fact  that  at  the  10- 
percent  probability  level  (occurs  at  Intervals  averaitln^;  once  every  10 
years),  about  73  percent  of  the  iO-day  low  t low  to  the  estuaries  is  made 
up  of  flow  from  the  Roanoke  River  basin  which  ci)nstltutes  -tH  percent  ol 
the  total  drainay.e  area.  ihis  increased  low  flow  may  have  increased  the 
flushing  efficiency  of  the  brackish  surface-water  system,  p.ir t i cu 1 ar 1 v 
Albenuirle  Sound  and  its  tributaries,  but  has  probably  also  dei-reasi-d  the 
average  salinity  and  tended  to  cause  suspended  nutrients  and  organic 
pollutants  to  be  transported  farther  seaward  before  they  si-t t led  to  the 
bottom.  Whether  this  may  have  detrimental  effects  in  the  U'wer  sounds 
and  tributaries  is  speculative  at  the  moment. 
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Intra-Area  Streams 

To  evaluate  tin-  general  distribution  of  flow  in  streams  when  sul- 
ficient  data  are  available  hydrologists  often  use  flow  duration  curves. 
These  curves  are  developed  by  arranging  ;i  1 1 of  the  daily  disi-harges 
available  at  a station  in  ascending  order,  and  calculating  the  per- 
centages of  days  s{it.'C  it'  iod  flows  were  equalled  or  exceedi-d.  Thus,  it  a 
given  discharge  was  equalled  or  exceeded  95  percent  ol  tin-  days,  dis- 
charge was  lower  than  that  value  5 percent  of  the  days. 

Figure  24  shows  the  range  of  duration  curves  at  all  gaging  stations 
in  the  stuily  area.  The  lower  boundary  represents  minimum  dischargi-  per 
square  mile,  and  the  upper  boundary  represents  imiximum  discharge.  The 
sprt-ad  between  the  two  boundaries  is  due  in  part  to  tlie  difficulty  in 
determining  accurate  drainage  areas  in  terrain  of  such  low  relief  and  in 
part  to  differences  in  flow  characteristics  among  the  stre.ams.  There 
are  a number  of  reasons  why  flow  characteristics  for  all  streams  are  not 
more  nearly  alike.  Factors  such  as  slope  and  surface  character  of  the 
drainage  basin,  stream-channel  characteristics,  depths  to  which  channels 
are  entrenched  into  aquifers  that  support  base  flow,  lateral  and  verti- 
cal water-transmitting  characteristics  of  the  aquifers,  and  type  and 
amount  -af  vegetation  contributing  to  evapot ransp  Irat  ion  losses,  all 

'ribute  to  the  variations  in  flow  characteristics  among  the  streams. 
There  ; not  enough  information  available  to  evaluate  these  factors  for 
eacli  St  I earn,  and  figure  24  merely  represents  ranges  in  flow  varl.atlon  to 
be  expected  in  the  area. 

Some  streams  have  no  flow  tor  slightly  more  than  5 percent  of  the 
days,  or  20  days  per  year  on  the  average,  while  others  have  been  observed 
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OISCMARGE,  IN  Cubic  fEET  PE»  SECOND  SQUARE  MILE 


SChargE.  N C^SlC  meters  RER  second  RE=  SDuARE  flLOME’ER 


to  rojU'l\  /I'lo  t I ow  tv>r  sliortor  (hm  IoiIs  ot  not  ot  .ill.  As  .1 1 si'iissisl 
latof  to  tlu‘  it'i'olt,  lilt  go  d 1 1 I ofoiiv't'.s  ill  t lu'  illsli  ilml  ion  I'l  I lows 
oiinallod  or  oxoood«'d  .ihout  /S  i>oiii'nt  ot  tin'  C Imo  .n  i'  piol'.il'lv  o.insod  l>v 
Inoroasod  baso  t K>w  rosulting  I r.'iii  .ii  t 1 1 lo  l.i  1 1 v ilooiu'nlng  slio.im 
ohannols  tor  Imptovod  diainagi'. 


.sni  1 .U'l'-W.it  01  tlunind-W.it  or  Kol.it  ions 

A major  ki'v  to  svio.'osst  n 1 m.in.igomont  ot  tin'  watt'f  rosiuiii'i's  ot  t ho 
stiulv  .M  oa  is  .in  ninii'i  st  .iiui  ing  ol  t ho  tol.it  ion  hotwoon  sni  I .loi'  w.itoi  .nul 
gik'niui  w.itoi  , bi'o.inso  b.isi'  t U'w  ot  in'ii'iint.il  stti'.ims  Is  ilorivt'il  t ii'm 
groniul-w.i  t I'r  si’i'p.igo.  In  noitln'.ist  Ni'ith  t'.irolln.i  t ho  rol.it  ion  ts  so 
Intliii.ito  th.il  It  is  tmi'r.iol  U'.il  to  oi'iisiiioi  suit. no  w.itor  .nul  groniul 
w.itoi  In  .inv  m.innor  oxoopt  .is  two  ph.isos  ol  t ho  samo  svstom.  I'lio 
n.itni.il  w.itoi  t.ihli'  is  .it  or  no.ii  l.iiui  suit.uo  throughont  muoh  ot  t ho 
.110.1.  Siii.i  1 1 St  to. nil  .■  h.iniu' 1 ;i , wlioio  t hov  o\ist,  .iro  ipiito  sh.illow,  .nul 
most  ot  till'  t imo  Ilow  in  thorn  is  m.i  int  .i  inod  1 i om  .'itorod  w.itor  oontii- 
bntod  ihiol  Iv  hv  t ho  tv'p  tow  toot  ol  tin'  nppormost  .uiniloi.  fonso- 
Unontlv  .inv  m.in.igi'mont  pr.ut  loos  th.it  .illi'ot  t ho  w.itoi  t.ihlo  would  ho 
lollootod  raplillv  in  stro.im  dtsoh.irgo. 

rlio  portion  ol  tot.il  s t t o.iiiil  1 ow  tli.it  ooiiios  I i om  t ho  gi  omul- w.i  t o i 
svstom  m.iv  bo  ost  iiii.it  I'd  bv  sop.ii.it  ing  t hi'  disoluiigo  hvdi  ogi  .iphs  ol  .i 

stro.im  into  t ho  ground  w.itoi  lon  t i i tni  t t on  to  runot  I .nul  ovoil.nul  i nnol  1 . 

til  omul- w.i  t ol  lunotl  w.is  dotoimtnod  bv  .t  Uvdt  I'V.i  .i\'h  sop.u  .it  ii'ii  t i.hn  i gvu' 
di'.si' 1 Ibod  bv  K.isimi.-ison  .nul  .Audi  o.isi'ii  tld'o),  g.  (>  it  . This  toolmiiiuo  w.is 
nsod  to  ostablish  .i  iol.it  lon  bolwoon  gromul  w.itoi  iimoM  in  t'looping 
Sw.iiiip  111'. II  V.nuoboio,  Noith  i.iiolln.i,  .nul  t ho  .ivoi.igi'  gtoniul  w.itoi  lovol 
in  .1  W.I  t or- 1 .lb  1 o obsoiv.it  ion  wo  1 1 O.i  ml  t i om  I ho  g.ig.o  on  t'looping  .Kw.imp 
during  t imos  w'hon  .ill  1 ho  stio.imllow  is  I'.iomul  w.itoi  dlsoh.iigo.  I'ho 
iol.it  ion  is  shown  in  I Igiiio  P.illv  .ivoi.igo  w.itoi  lovols  In  t ho  wo  1 1 

wot  o plot  tod  .ig.iiiist  t ho  d.iilv  .ivor.ig.o  disoh.iii.o  ol  I'looping  Sw.niip  .it 

t iiiios  dm  tug  t'otoboi  1 I to  .'lopli'iiiboi  I '1  ' piooo.ling  i isos  in  I ho 
stio.im  will'll  b.iso  t 1 ow  ooiulill.'iis  ]'i  ov.i  l 1 od  . 

riio  lol.itlon  111  tigiiio  shows  how  gi  omul  w.itoi  innoll  to  I'looptng 
Sw.imp  m.iv  bo  ostlm.itod  lot  .ill  ooiulltions,  Inolndlng  poitods  whon  .'voi 
Kind  iiinotl  Is  .i  1 so  oooiiiilng.  I'lio  gi  omul  w.itoi  imiotl  ooiiipononl  ot 
stio.imllow  in  t'looping  Sw.imp  is  lomp.iioil  with  tot.il  stio.imtlow  on 
I I gill  o .’ll  . 

B.ISO  t low  W.IS  .ibont  t>‘'  poioont  ot  t ho  lot.il  tlow  loi  t ho  poi  lod 
shown  in  1 Igiiro  .’ti.  I'lio  l‘K'.’  w.itoi  vo.ii  w.is  ohoson  boo.niso  .1  loooid  ol 
good  ipi.illtv  and  oont  1 nil  1 1 V w.is  .iv.i  t 1 ab  I o . This  w.is  .in  oxiopt  iv'ti.i  1 I v 
wot  vo.ir,  howovi'i,  with  t lu'  total  riinot  t bt'iiig  '1  in  .is  ooiiip.iiod  to  t ho 
.ivoi.igi'  ol  .ibont  it'  in.  niii  lug  iiioio  noiiii.il  yo.irs  t lu'  .niioimt  .'t  ovoil.nul 
rmu'll  would  bo  los.s,  and  tho  pi'roi'iit  .igo  ot  b.iso  t low  would  bo  lilghoi  . 
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;ls  in  a shallow  w’ell  0.4  mi  (0.6  km)  from  stream  and  discharge 
imp  near  Vanceboro,  N.C.,  October  1971-September  1972. 


Artificial  Drainage 


Although  under  natural  conditions  much  of  the  project  area  has  no 
well-defined  drainage  system,  man's  stream-  and  land-management  practices 
have  resulted  in  a large  percentage  of  the  land  surface  having  efficient 
drainage  systems.  Many  of  the  stream  channels  have  been  straightened 
and  deepened  (channelized)  to  improve  their  capacity  to  carry  high 
flows.  Also,  much  of  the  land  has  been  cleared  of  natural  vegetation 
and  dissected  by  a system  of  ditches  designed  to  improve  surface  drain- 
age to  the  streams  and  lower  the  water  table  to  make  the  swampy  areas 
suitable  for  farming. 

Artificial  cliattnelization  and  drainage  have  been  assumed  to  sig- 
nificantly alter  tlie  nature  and  amounts  of  overland  runoff  in  coastal 
are.ts;  but  few  data  have  yet  been  compiled  in  northeast  North  Carolina 
to  measure  tiiese  effects.  At  present  the  only  means  of  estimating  tliem 
is  bv  extrapolating  flow  records  from  locations  where  data  are  available 
botl»  betore  and  after  channelization.  One  such  location  is  Ahoskie 
Creek  ne.ir  Alioskie,  N.C.,  wliere  channelization  on  the  main  stem  and  some 
of  its  tributaries  was  completed  in  December  1962.  Duration  curves  of 
daily  discharge  for  Llie  12-year  period  before  channelization  (1931-62), 
and  lor  the  8 years  afterward  (1964-71),  are  shown  on  figure  27.  Base 
flow--thal  supported  completely  by  ground-water  Inflow  and  represented 
on  the  lower  discharge  part  of  figure  27--was  significantly  higher  after 
ch.inne  1 i z.it  ion . Presumably,  deepening  of  the  channel  exposed  a greater 
thickness  of  saturated  aquifer,  thus  allowing  more  water  to  seep  into 
the  channel.  It  is  also  possible  that  the  newly-exposed  channel  bounda- 
ries aie  more  perme.jble  than  formerly.  Ahoskie  Creek  had  no  I low  about 
3 percent  of  the  days  during  the  12  years  of  record  before  channeli- 
zation. but  in  the  8 years  thereafter  the  minimum  flow  has  been  2 and  i 

ft  Vs. 


Significantly,  annual  runoff  from  Ahoskie  Creek  did  not  increase 
.if  ter  ch.innel  ization.  Winner  and  Simmons  (1977)  report  no  change  in  the 
rainfall-runoff  relation  for  the  Ahoskie  Creek  watershed  after  channel- 
ization. This  contradicts  several  theories  that  iiredicte'd  annual  runol  f 
would  increase  after  channelization.  According  to  one,  deepening  the 
channel  causes  a lowering  of  the  water  table  which  reduces  evapotransp l- 
ration  losses  from  the  watershed;  this  captured  evapotransplrat ion  be- 
comes base  flow  in  the  streams.  According  to  another  theory,  the 
Improved  drainage  characteristics  capture  water  by  allowing  it  to  enter 
streams  before  it  has  a chance  to  be  lost  to  evapot ranspirat ion . This 
would  also  result  in  Increased  runoff.  If  these  effects  do  in  fact 
iiccur,  they  are  so  small  that  they  do  not  notlceablv  affect  the  water 
budget . 

Another  .ipproach  to  evaluating  the  effects  of  lowering  the  bed  of 
the  ch.innel  is  by  use  of  low-flow  frequency  analyses.  Duration  curves. 
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such  as  figure  27,  show  the  distribution  of  daily  discharges,  but  give 
no  indication  of  the  length  of  time  a given  flow  might  be  expected  to 
continue.  However,  such  information  is  important  because  many  water 
users  might  be  able  to  tolerate  a very  low  flow  for  a short  period,  but 
not  a long  period.  The  low-flow  frequency  curves  of  figure  28  show  the 
flow  conditions  that  might  be  expected  over  a specified  number  of 
consecutive  days.  These  curves  also  show  that  low  flows  were  con- 
sistently higher  after  channelization  than  before  channelization. 

Lakes 

Seven  lakes  within  the  project  area  are  large  enough  to  merit  some 
discussion  in  this  report.  Pertinent  information  about  them  is  given  in 
table  1 and  their  locations  are  shown  in  figure  29.  Because  of  their 
size,  these  lakes  are  important  from  a recreational  standpoint  and  even, 
to  some  extent,  as  potential  water  supplies.  The  origin  of  these  lakes 
has  not  been  determined,  but,  in  their  present  form  they  occupy  de- 
pressions in  the  land  surface  that  are  deep  enough  to  intercept  the 
natural  water  table. 

Under  natural  conditions  these  lakes  fluctuate  with  the  water 
table;  but,  because  they  are  located  in  the  interior  of  swamps,  such 
fluctuations  are  minor.  Recently,  the  swamps  surrounding  some  of  them, 
Phelps  Lake  for  example,  have  been  drained  for  agricultural  use,  and  the 
resulting  lowering  of  the  water  table  has  created  a gradient  from  the 
lakes  to  the  surrounding  shallow  aquifers.  Since  the  agricultural 
drainage  has  occurred,  the  water  level  in  Phelps  Lake  may  have  fluctu- 
ated more  than  water  levels  in  lakes  where  the  surrounding  topography 
has  been  less  drastically  altered.  At  times,  the  water  level  in  Lake 
Phelps  has  been  so  low  that  there  has  been  public  concern  that  the  lake 
was  going  dry.  The  most  widely  held  opinion  is  that  seepage  from  the 
lake  into  the  surrounding  drainage  ditches  is  the  cause  of  these  fluctu- 
ations. The  validity  of  this  opinion  has  not  been  determined,  but  there 
is  reasonable  doubt  that  seepage  to  the  drainage  ditches  is  the  major 
cause  of  large  water-level  fluctuations,  although  seepage  certainly  is  a 
contributing  factor.  Seepage  losses  from  the  lake,  calculated  from 
estimated  values  of  transmissivity  and  the  head  difference  between  the 
lake  surface  and  the  bottom  of  the  perimeter  drainage  ditch,  are  no  more 
than  a few  Inches  per  year  (Heath,  1975,  p.  73).  This  estimate  of 
seepage  losses  appears  reasonable  because  during  dry  periods  very  little 
water  is  found  in  the  perimeter  ditch,  whereas  water  should  flow  in  the 
I ditch  constantly  if  seepage  losses  from  the  lake  were  significant.  For 

! example,  if  seepage  losses  were  sufficient  to  drain  2 ft  of  water  per 

\ year  from  the  lake,  a constant  flow  of  45  ft^/s  would  be  maintained  in 

the  ditch.  Even  if  this  flow  were  to  leave  the  ditch  at  a velocity  of 

2 ft/s,  which  is  an  unrealistically  high  velocity  for  this  area,  the 

ditch  would  be  about  80  percent  full  of  flowing  water  at  all  times  from 
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Table  1. — Physical  character  1st Ics  et  the  seven  larjtest  lakes 

In  the  study  area 


Name 

Locat ion 
fcounty) 

Sur fac 

area 

fac res 

t* 

.) 

.\verage 
dept  h 
f feet ) 

Storage 
c.ipacltv 
f.icre-f eet ) 

Lake  Mattamuskeet . . . 

. . Hyde 

50,000 

J.O 

150,000 

I’helps  Lake 

Washington 

Tyrrell 

lb, JOO 

4.0 

b5, JOO 

New  Lake 

(.Mligator  Uike). 

Hyde 

4 , 800 

4 . 0 

14,:00 

I'ungo  L.ike 

Washington 

Hyde 

2 , bJO 

4.0 

10,s80 

Kills  Lake 

. . Craven 

1 , 100 

l.O 

J , 300 

Long  Lake 

. . do  . 

1 , 100 

. il 

, ‘♦00 

Merchants  Mill  Fond. 

Cates 

sso 

■'.0 

-.,7  50 

the  lake  .ilone.  bee. 
it  seems  implausible 

ause  the  amount 
that  seepage  to 

in  the  dit 
the  .li  t it 

ch  is 
i c i a 1 

nowlu'it' 
1 .ind-dr, 

ne.i  r this, 
.linage  s vs  tern 

Is  causing;  large  tluctuations  in  lake  levels. 

I’he  only  other  significant  natural  water  loss  from  I’heli's  l.ake  is 
net  evaporation,  or  the  excess  of  total  evaporat ion  over  prec ip  i t a t ion . 
Under  natural  conditions  net  evaporat  ion  losses  from  the  lake  wi'i  e re- 
placed by  ground-water  st-epage  into  the  lake.  Once  the  w.tter  table  in 
the  surrounding  area  is  lowered  by  . irtilicl.il  dr.iin.ige;  however,  net 
evaporation  can  only  be  replaced  by  prec  ip  i t .it  ion  on  the  l.ike  w'umi  r.iin- 
fall  exceeds  evaporation.  IHiring  .iverage  years  this  excess  ot  precipi- 
tat  ion  over  evaporation  is  slightly  more  than  1 ft,  .ind  water  must  be 
released  from  the  lake  in  order  to  nuiintain  a desir.ible  w.iter  level. 
i>nly  during  the  months  of  .Vprll,  May,  and  .Uine  is  aver.ige  evapor.it  i»'n 
greater  than  average  prec ip  lt.it  ion,  and  then  only  by  about  1-d  in. 

During  years  of  abnormally  low  rainfall,  however,  evapor.it  iv’n  can  e.xceed 
precipitation  for  a sufficiently  long  period  to  c.iuse  slgnitlc.int  drops 
in  the  lake  level.  For  example,  at  the  S percent  prob.ibilitv  level  ot 
prec  Ipitat  ion,  net  evaporation  is  about  18  in.  .Should  two  such  ve.irs 
occur  consecutively,  which  is  possible  but  not  probable,  the  lake  level 
at  the  end  of  the  second  year  would  be  about  1 ft  below  normal.  Such 
conditions  could  develop  in  any  ot  the  lakes  that  have  been  isol.ited 
from  the  natural  water  table  by  drainage  of  the  surrounding  land  mass. 


.0 


The  significance  of  attributing  fluctuations  in  lake  levels  to 
evaporation  rather  than  to  seepage  losses  is  the  Implication  that  the 
lake  is  not  in  danger  of  going  permanently  dry,  and  only  during  extendei 
droughts  will  water  levels  remain  below  normal  more  than  a few  weeks  or 
months  at  a time.  As  agricultural  developments  continue  in  northeast 
North  Carolina,  it  is  possible  th^t  situations  similar  to  that  of  Phelps 
Lake  may  develop  elsewhere. 


Freshwater  Quality 

The  chemical  analyses  of  water  samples  collected  at  monthly  and 
daily  stream  sampling  stations  in  or  near  the  study  area  are  summarized 
in  table  2,  and  the  sampling  sites  are  shown  on  figure  30.  These  analy- 
ses provide  annindicatlon  of  the  quality  of  water  in  both  major  rivers 
and  small  streams  during  periods  when  significant  encroachment  of  sea- 
water is  not  a factor.  In  general,  chloride  concentrations  greater  than 
about  50  mg/L,  and  specific  conductances  exceeding  200  micromhos,  indi- 
cate that  some  seawater  is  present.  Most  users,  however,  can  tolerate 
salinities  represented  by  a specific  conductance  of  about  800  micromhos 
or  less  or  a chloride  concentration  of  about  200  mg/L  or  less,  and  the 
dividing  line  between  fresh  and  brackish  water  is  arbitrarily  placed  at 
these  values. 

Completely  freshwaters  (chloride  less  than  50  mg/L)  usually  do  not 
contain  objectionable  amounts  of  any  dissolved  mineral  constituent.  I'he 
only  undesirable  characteristics  of  such  waters  is  that  they  may  be  higti 
in  color.  Color,  as  used  here,  refers  - to- the  naturally-occurring,  tea- 
colored  water  usually  associated  with  swamps,  and  in  this  area  it  tends 
to  be  highest  in  waters  with  low  dissolved  solids.  Color  becomes  barely 
detectable  to  the  human  eye  at  about  5 units  on  the  platinum  cobalt 
scale,  while  weak  tea  has  a color  equivalent  to  about  300  units.  Color 
is  not  troublesome  for  most  users  until  it  reaches  a level  of  20-40 
units,  above  which  it  may  stain  laundry,  paper,  and  similar  items  and, 
while  quite  harmless,  also  may  be  esthetically  objectionable  for  drink- 
ing. 


Hardness  (see  the  limestone  aquifer  section  of  this  report  for 
discussion  of  hardness)  may  also  be  objectionable  in  waters  having  spe- 
cific conductance  much  greater  than  200  mlcromhbs.  TKfe  waters  in  most 
rivers  and  streams  of  northeastern  North  .Carolina  'hre* sof t if  no  sea- 
water is  intermixed  with  them.  Bee luse  magnesium  is  the  second  most 
abundant  dissolved  constituent  in 'se.  water,  hardness  increases  rapidly 
when  seawater  encroachment  occurs. 
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VJIPIANAT  ION 
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▼ Seawater  encroachment  atatlon  and  mimher. 

14 

V Water  qviallty  sampllnn  atatlon  loi  which  aualvaea  aie 
aunmarlzed  In  table  2. 

Freshwater  part  of  the  time  and  saltwater  pai  i ot  the 
t Ime . 

I I Saltwater  most  or  all  of  the  time. 

1 j|  Freshwater  most  or  all  of  the  time. 

Kl>;iiro  U). — Conor.i  1 1 zoil  .talitiiiy  I’l  siirl.ii.i'  w.iloi  in  itiuiln' 
Ni>rtli  (^iroliiia  and  Uu-at  loos  ot  sam\'llnp,  silos. 


T.il'li'  t f’lvos  clu'iu  1 iM  1 iii\;ilvst'S  i»t  w.itiM'  t ri'in  t l\t‘  l;ik»'s  In 

nnitluMsI  North  t'.iii' I i n.i . With  t ho  oxooi'llon  ot  l.nko  Mnt  t nmiiskoot  , all 
ol  till-  l.iki'.s  sami'loil  in  t ho  aioa  oontaln  I i i-sliwa  1 1' r . l.aki'  Mat  t amnskoot 
is  oont  aminat  Oil  hv  sa  1 1 v wator  that  prohahlv  ontors  t lio  lako  thionp.h 
iltainapt"  oanals.  Titi'so  oanals  ;iro  I'linippoil  with  oi'ntrol  natos  iloslp.ni'ii 
ti>  provont  saltv^ator  I'ntorinp.  t ho  oanals.  hut  tin'  p.atos  somotimos  tail 
to  v'li'si'  piop»'i  Iv  hooauso  ot  olop.p.ini;  hv  trash  ami  othor  tlohrls. 

Althonp.li  alt  ot  tin'  laki's  iit  hor  than  Mat  t amnskoot  aro  lr»'sh,  wati'r 
in  most  ol  t lu'm  wmilil  ronniro  ttoatmont  to  hi'  snitahlo  lor  most 
iniii>osi's.  llioro  is  a snrprlsinp,  varlahililv  in  t ho  i|ualilv  ol  watoi  in 
ililtoront  lakos.  Tho  li  i t I oronoo.s  in  wator  ipialitv  amonp,  tin'  lakos,  lik 
othor  aspools  ot  t ho  i r liviiro  I op.v , soom  to  ho  lolato.i  to  tho  ilop.roo  to 
wl'ioh  tho  1 aurroumi  in^;  pltvsloal  onviionmont  lias  hoon  il  i st  i i hut  o.l  hv 
ui . 1 hos  suoh  as  !■  1 1 i s l.ako  aiul  l.onp,  l.iko,  whioh  ato  in  uoar 

i.mi  I • I ui  hi'ii  sottiups  aro  hlphlv  aoiillo  ami  ooutain  littlo  or  no  ilis- 
'.olvo.t  .aloium.  Tho  hoils  ol  I hoso  lakos  at  o h 1 ph  1 v orpauio  I'oatv  soils 
ami  1 I'arl  ot  t ho  i i aoiilitv  rosults  I rom  lathouio  aoiil  pioihiooil  hv  .lo- 
oavinp,  laihonaooous  mattoi.  I'lio  amount  ol  aoiil  in  l ho  watoi,  howovoi  . 
is  hiplu'r  than  ooulil  ho  ilorivoil  t rom  poatv  soils  alouo;  ami,  I t om  tho 
ihomioal  anaivsos  in  tahlo  1,  it  sooms  likolv  that  tho  aililitional 
aoiilitv  is  sullurio  aoiii  proiluooil  natural  Iv  in  I ho  lako  wat  ot  s hv  tho 
o\i,lat  ion  ot  orpauio  suit  iilos  in  tho  poat  hoils.  Iho  uoarlv  oomploto 
ah'U'uoi,'  ol  oaloium  in  t hoso  uml  i s t urhoil  lakos  is  a phonomonon  not  I'lovi 
ouslv  I'hsoivoil  in  wators  ol  North  I'atoliua.  It  IIKi'Jv  imiioalos  that 
tho  poal  in  this  at  oa  is  at  loast  as  iloo)'  as  tho  hoi  tom  ol  l ho  lakos. 
ami  Iho  shallow  pi ouml  wator  that  maintains  wator  lovols  in  tho  lakos 
has  hail  rosiilonoo  on  1 v in  matorials  that  ooutain  nono  ot  Iho  sho  1 1 
maloiial  otton  assooialoil  with  soilimonis  ol  Iho  aioa. 

I .ikos  suoh  as  Tholi's  l ako,  I’unpo  l.ako,  ami,  to  a lossor  oxtonl.  No 

l. ako,  ato  in  .uoas  I h.il  h.ivo  hoon  ilrainoil  lor  apt  loulluro.  I'ooauso  tho 
no  li'upot  h.ivi'  I too  .aoooss  to  shallow  proumi  wati'f,  Ihov  ,u  o mainl.iinoil 
ptimarilv  hv  proo  i ]' i I .i  t i on  ilitoolly  on  t ho  i t suilaoos.  As  a rosult, 
wator  in  thorn  is  ipiito  simil.u  to  r.iin  wator  lh.it  h.is  hoon  oonoont  r.il  oil 

' to  UI  I Imos  hv  ov.iporat  ion. 

S.i  1 i n i t y ol  l .st  u.ir  I os 

Wlml  .imi  liiial  aolion  mix  I rosh  .iml  so.iwalors  in  Iho  soumls  ami 
oslu.ii  ino  t o.iohos  ol  si  roams  in  northo.ist  North  t'.iiolin.i  to  I orm  a 
ht.ukish  zono  within  whioh  Iho  salinilv  ol  tho  w.itoi  is  ini  ormoil  i.it  o 
hotwoon  Iroshw.itot  .tml  so.iw.ilot.  No.ir  tho  upsi  ro.im  oml  ot  tho  .'ono , 
w.ilor  is  suit  iolontlv  1 rosh  to  ho  usolul  lor  most  purposos  (.loss  I h.in 
’iHl  mp/I.  ol  ilissolvoil  soliils),  whilo  no.ir  Iho  ilowns  t t o.im  omi  s.ilinitio! 

m. tv  .ii'pro.ioh  that  ol  soaw.itor  U'hovo  U1,tHH1  mp/1  ol  ilissolvoil  sollilsl. 
Piirinp  porloils  ol  low  Iroshwator  Inllow.  il  wimis  aro  ponor.illv  in  an 
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Table  3. — Chemical  analyses  of  water  from  lakes  la  northeast 

North  Carolina 

[Chemical  constituents  shown  in  milligrams  per  liter,  except 
specific  conductance.  pH,  and  color) 


— ^ Acidity  as  “ 0.2  mg/L. 


Fairfield 


upstream  direction,  the  brackish  zone  may  Intrude  far  up  into  the 
estuaries.  Conversely,  when  freshwater  Inflow  Is  high,  and  if  winds  do 
not  oppose  downstream  movement  of  water,  the  brackish  zone  may  be  pushed 
nearly  to  the  major  sounds,  and  the  rivers  may  be  fresh  throughout  most 
of  their  length.  This  creates  a rather  complicated  situation  insofar  as 
planning  the  management  of  these  waters,  and  information  concerning  the 
pattern  of  seawater  encroachment  into  rivers  and  streams  of  the  area  is 
of  vital  Importance  if  these  waters  are  to  be  managed. 

A general  view  of  the  salinity  of  water  to  be  expected  In  major 
estuaries  is  presented  on  figure  30.  The  shaded  areas  represent  reaches 
within  which  the  brackish  zone  has  been  observed  to  be  present  at  times 
and  absent  at  other  times.  Freshwater  will  be  found  more  frequently 
near  the  upstream  ends  of  the  shaded  reaches  than  near  the  downstream 
reaches. 

Comprehensive  long-term  salinity  data  have  been  collected  at  eleven 
sites  within  the  area.  (See  figure  31.)  The  percentage  of  time  tliat 
salinity  at  these  sites  equaled  or  exceeded  given  values  are  shown  in 
figures  31  through  41.  The  values  on  the  left  side  of  the  graphs  are 
specific  conductance  in  micromhos  per  centimeter  at  25''C.  Specific  con- 
ductance furnishes  a rough  measure  of  the  total  dissolved  mineral  solids 
in  a sample  of  water.  Total  dissolved  solids  in  milligrams  per  liter 
may  be  estimated  by  multiplying  specific  conductance  by  a factor  of  O.bO 
to  0.65.  Waters  with  a specific  conductance  of  800  or  less  are  arbi- 
trarily considered  fresh  in  this  report.  Chloride  concentrations, 
calculated  from  specific  conductance,  are  shown  on  tlie  right  vertical 
scale.  In  streams  of  northeast  North  Carolina  chlorides  greater  than  SO 
mg/L  usually  Indicate  the  presence  of  some  seawater,  but  waters  with 
less  than  200  rag/l.  of  chloride  are  suitable  for  most  uses,  and  are 
considered  fresh. 


Salinity  of  Sound s 

The  sounds  of  northeast  North  Carolina  are  unique  in  the  United 
States.  Offshore  bars,  known  as  the  Outer  Banks,  have  been  built  up 
seaward  of  the  mainland  by  wave  action  and  long-shore  currents,  forming 
a series  of  long,  narrow,  barrier  Islands  with  large  expanses  of  semi- 
enclosed  open  water,  called  sounds,  landward  of  them.  The  ocean  has 
access  to  these  sounds  through  a series  of  narrow  inlets  in  the  Outer 
Banks.  Although  seawater  is  forced  through  the  inlets  Into  the  sounds 
iMi  I'seh  flood  tide,  the  buffering  action  of  the  Outer  Banks  Is  such  that 
tides  which  average  about  4.5  ft  in  the  Atlantic  Ocean  off  Cape  Hatteras 
are  dampened  to  less  than  0.5  ft  in  the  interior  of  the  sounds.  Fresh- 
water draining  throv»gh  the  estuaries  into  the  sounds  mixes  with  tide- 
driven  seawater  to  form  a vast  system  within  which  the  salinity 
of  water  is  intermediate  between  that  of  freshwater  and  seawater. 
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SPECIFIC  CONDUCTANCE 
IN  MICROMHOS  PER  CFNTIMETER  AT  25 


I I 3 K>  20  30  to  90  93  91  99 


PERCENTAGE  OE  TIME  SPECIFIC  CONDUCTANCE 
OR  CHl.ORIDE  CONCENTRATION  IS  EQUAL  OR 
GREATER  THAN  A GIVEN  VALUE 


Figure  41. — Cumulative  frequency  curve  of  specitlc  conduc t .nice 
and  chloride,  Trent  River  near  Rheme,  N.C.  (Eig.  U1, 
sta.  11). 


The  salinity  at  any  given  time  and  place  depends  upon  the  prevailing 
balance  between  freshwater  and  saltwater. 

Kxcept  for  wind  currents,  created  by  friction  between  moving  air 
and  the  surface  of  open  expanses  of  water,  movement  of  water  in  the 
sounds  is  extremely  sluggish  except  near  the  inlets.  The  regular  lunar 
tides  do  not  create  noticeable  tidal  currents,  and  the  volume  of  water 
in  the  lower  estuary-sound  system  is  so  great  that  freshwater  inflow 
from  rivers  and  streams  does  not  normally  produce  continuous  currents  of 
any  significant  magnitude.  As  a result,  time  of  travel  of  freshwater 
inflow  through  the  system  is  extremely  slow.  No  comprehensive  studies 
of  flushing  rates  of  the  sounds  have  yet  been  attempted.  Over  periods 
of  time  as  long  as  a year  the  net  flow  in  them  is  seaward;  but  little  or 

no  seaward  flow  may  occur  for  periods  of  at  least  a few  months. 

The  salinity  of  sound  waters  varies  greatly  with  both  space  and 
time.  Although  some  of  them  have  been  classified  by  some  authorities  as 
freshwater  bodies,  potential  water  users  must  understand  that  nowhere 
in  the  sounds  are  freshwater  supplies  available.  The  most  comprehensive 
data  concerning  the  salinity  of  all  the  larger  sounds  have  been  compiled 

by  Williams  and  others  (1967).  Figures  42  and  43  show  the  average  of 

surface  and  bottom  values  of  dissolved-solids  concentrations  for  the 
months  of  April  and  December  based  upon  Williams'  data.  April  repre- 
sents conditions  of  low  salinity  and  December  conditions  of  high  salini- 
ty. Tlie  Geological  Survey  operated  a daily  sampling  station  on  the 
Albemarle  Sound  near  Edenton,  N.C.,  from  1957-b7.  Monthly  average 
salinities  at  this  station  were  lowest  in  April  and  highest  in  December 
( f igure  44 ) . 


Wind  Tides 

Owing  to  the  low  relief  of  the  land  masses  surrounding  most  of  the 
larger  bodies  of  open  water,  large  parts  of  northeast  North  Carolina  are 
subject  to  inundation  by  high  water  caused  by  wind  tides.  I'lie  possi- 
bility of  such  flooding  is  an  Important  consideration  in  planning  land 
use  of  the  area.  As  low-lying  areas  are  cleared  and  drained  for  agri- 
culture, the  likelihood  of  major  economic  losses  caused  by  wind-driven 
flooding  increases.  In  contrast  to  flooding  caused  by  excess  precipi- 
tation, wind  tides  are  likely  to  transport  saltwater  that  will  both 
destroy  growing  crops  and  create  an  undesirable  soil  environment  for 
long  periods  after  flood  waters  have  receded.  I’nder  natural  conditions 
the  deleterious  effects  of  inundation  by  saline  water  have  been  mini- 
mized because  the  high  water  table  impedes  the  percolation  of  this  water 
into  the  soil  zone.  Once  drainage  has  been  accomplished,  however,  a 
much  larger  portion  of  the  flood  waters  will  infiltrate  the  enlarged 
unsaturated  zone  where  evaporation  and  ion-exchange  processes  can 
concentrate  the  salts  in  the  soil  zone.  This  is  a reversible  process 
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FlRure  4J. — Average  dissolved  solids  In  water  in  larger  sounds  ot 
northeast  North  Carolina  for  the  month  of  Dooember.  iModifiod 
from  Williams  and  others,  19t>7.) 
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thill  oi'iilil  I'l'  i'l'tri'Ot  cil  hy  li'iirlifiig  w<f!i  irrsliwiit  rr  iiiid  siirlii'i.il  t roiit - 
mi'iit  with  lime  or  I'ut  t lio  loss  v>l  tiio  uso  ot  t lu'  liiiul  lor  ;ip,ri- 

oiiltiito  lor  otio  or  iiu'ro  voiirs  is  iHissIhio. 

I’roiiict  ion  ol  I lio  i roqiiotu'v  witli  wliieli  ii  ^ivon  looiility  is  likolv 
to  1m'  llooilod  witli  Wiitor  t ii'iii  t ho  ostuiirios  or  sounds  is  inoxiut  hooiUiso 
oi  t lio  iilmost  ini  inito  nnmlu'r  I'l  pi'ssiblo  oomh  liiiit  ions  ol  wind  diii'ot  ion 
and  volooitv,  shoroliiu'  ooni  iy,ur;il  ion,  iotoli,  and  llio  amount,  ot  vopo- 
tiiliv'ii  iind  m.in-m.ulo  struolnit's  thill  might  impodo  froo  iidviinoomont  ol  ii 
w.ivo.  Somo  ido.i  ol  tho  sovority  ot  tho  prohlom  oan  he  olitiiiuod  I rom 
liguro  'iS,  on  whii’h  iiri'  dt' I i lu'.it  od  api'rox  iniiit  o boundiirios  ol  wind-tido 
tlooils  likolv  to  bo  oqiiiillod  or  oxooodod  ‘ill  iicroout  ot  tho  voiirs  iind  1 
porooiit  ot  tho  yoiirs.  Hv  "I’xooodod"  wo  moan  that  inundiit  ion  ot  iin  iiroii 
iif  loiisl  iis  groiil  its  tliiit  slw’wn  is  likely  ovory  other  yoiir  on  the  iivor- 
iigo  .It  tlu'  ‘ill  poroont  probability,  iind  onoc  ovory  hundred  years  on  tho 
iiviMiigo  ill  1 poroont  probiib  I 1 i t y . Those  are  iivorago  troquonoios  over 

long  pi'riods  ol  Linio,  iind  no  spooitie  time  tnterviil  between  two  i-onseou- 
I ivo  events  is  implioil.  A Mood  with  a 1 peroeiU  chanee  ot  oceurring  in 
iinv  vi'iir  will  cover  ii  liirgo  piirl  ot  tho  .sludv  iiroii.  However,  ii  1 1 ot  the 
.iroii  with  iin  oipi.il  chiinoe  ot  being  t looded  iit  ii  given  1 requonev  will 
si'ldom,  il  over,  be  tliiodod  by  the  same  storm.  I'or  exiimple,  strong 
southorlv  wliiils  ciiiise  inundiit  Ion  iilmig  northern  shorelines  ol  ii  bodv  ol 
wiitei,  but  might  aeluiillv  lower  water  levels  iilong  the  southern  shore- 


It  Is  important  also  to  quality  tlio  accuracy  ol  tiRure  45.  The 
hoiiiulaiv  outlining  the  area  Inuudateil  hy  a llood  with  a 1 percent 
chance  I’t  exceedance  was  transterii'd  directly  I rom  tlood-piiuie  area  maps 
available  1 rom  the  II. S.  ileiilogical  Survey.  iiu-  lines  I'u  ligure  45  are 
general  and  are  not  as  detailed  as  those  .ippearing  i)n  the  large-scale 
t loi'd-prone  maps.  'these  simill-scale  illustrations  were  prepared  i>nlv  ti> 
pi'lnt  out  the  potential  tlood  problem.  11  more  accurate  data  are 
desired,  the  large-scale  1 U'od-pioue  maps  prepared  by  tlu'  ileological 
Survey  aiul  tlood-plalu  intormatlou  studies  completed  by  the  b . S . Army 
I'orps  ot  Kngineers  should  be  used.  Generally  the  1 lood  with  a 50  per- 
i'eut  chaiu'e  i>l  ^'xceed^luce  was  skt'tcheil  ou  the  large  scale  f lood-pri'ut' 
area  maps  using  a flood  stage  trom  d.5  to  1.5  ft  below  the  tlood  out- 
lined as  having  a 1 perceitt  chance  of  exceedance  and  then  translerred 
dlrei'tlv  to  the  smaller  scale  maps  of  figure  45. 

because  most  ot  the  areas  adjacent  to  the  sliorelines  pri'seutly  CiUi- 
taiu  dens»‘  vt'getalivui  or  man-made  structures,  these  sources  of  tidal- 
tloiHlii\g  intormatlou,  all  of  whii'h  consider  only  wave  height  and  lanil 
J elevation,  mav  tend  to  overestimate  the  extent  01  inundation. 

I 

I t'.lUU'ND  WA'l'KK 

; Aq^n  iters 

Most  ot  t lu'  wat  I'V-be.ir  ing  Vi'cks  ot  northeast  Ni'>rtli  t'arol  ina  wet  e 
i depi's  i t i‘d  at  t imi’s  wlten  st'a  level  was  higher  than  it  is  at  pri'sent  . 

j .Vncit'ut  se.is  t ransgfi'ssed  a number  i>f  t inu-s  upon  what  is  now  land  .irea, 

and,  during  the  various  advances  and  ret  re.it  s,  fiumed  layi'ii'd  si'dimi'iits 
t li.U  now  r.inge  in  thickness  t iv'm  Jtero  at  the  western  bound. irv  I't  the 
I I'li.isl.il  ri.iin  ti'  more  than  Itl.OtlO  tt  thick  .it  i'.ipe  ll.itter.is.  I'l'pending 

upi'u  cv'iulitions  ot  deposition,  sediments  were  tormed  in  l.ivi'is  or  lenses 
th.it  r.ingt'  in  texture  trom  coarse  sands  and  gravels  with  l.irgi'  pori‘ 
sp.ices  to  tint'  silts  and  clays  with  tiny  pine  sp.ices. 

riu'  sediim-nts  in  the  are.i  have  been  cl.issitied  into  units  .Uia'i  vl  i ng 
[ to  tiu'it  geologic  age  bv  bii'wn  .ind  others  (1^721.  In  this  ii'pi'it,  these 

I units  h.ive  bet'n  groupi'd  into  three  major  aquifers;  .in  ui'i'er  .iquiti'i,  .in 

! int  ermed  i.it  e limesti'iu'  aqniti'r,  .ind  a lower  .iquiter.  figure  it'  shows 

t I'K'ck  di.igr.ims  ot  the  study  .irea  depicting  the  aquili'is  in  tin*  ni'pet 

l,iHH)  tt.  ihe  upper  aqniler  consists  of  the  youngest  sediments, 

\ prim.irlly  s.iiuls  and  clays,  and  contains  eas  i I v-access  ib  1 e tresh  w.it  er 

5 thronghont  most  I't  the  aii'.i.  I'he  limestoiu'  .iqniter  I ii's  dirci  tly  be- 

Sj  ne.ith  the  nppt'r  .iqniter.  the  lower  aquiter,  which  lies  bene.itli  t he 

( limesti’iie  .iqniter  .ind  on  top  ot  crystalline  roiks  ot  the  b.isi'iiient 

complex,  is  the  deepest  and  thickest  ol  the  three  .mil  i-onsists  ot  t lu' 

E oldest  sediments.  I'etails  ot  the  gev'logy  and  physic.il  d Inu'iis  li'iis  ot  t he 

s aquifers  will  be  dlscnssi'd  in  l.iti'r  sections. 

1 

I 

! ‘>0 


Divisiiin  of  the  water-bearing;  rocks  into  tliree  major  aqulfer.s  1; 
nsitnl  tor  ilopictinK  a concept  ol  llie  overall  groiini.l-wat  er  svsti'in,  Init 
sncli  a picture  is  vastly  over-s  imp  I i f ieJ . In  detail,  each  aiiniti-i  is 
made  np  ol  complexly  laymed  beds  ol  materials  of  varying  textnte. 

I'ignri'  s7  sliows  three  well  sections  on  an  east-west  line  neat  the  lentei 
ol  the  area.  Many  of  the  individual  beds  that  compi ise  the  annilers  ai- 
uv’t  cont  ininnis  from  one  well  to  the  next,  but  thicki'u  and  thin  a.s  v>ill 
as  pinch  out.  The  lithology  sliowu  in  these  wi'll  sections  Is  also 
simplified,  and  the  real  situatiini  is  even  more  ci'iiqili-x. 


ruder  natur.il  conditions,  the  sands  and  limesti'ues  anil  dolomite;; 
act  as  conduits  or  pipelines  tltat  store  and  transmit  walei  t ead  i 1 v , 
wlille  the  finer  beds  of  silt  and  cl.iy  and  sliale  act  as  partial  battier:, 
to  the  movement  ot  water.  Where  coarser  materials  are  ovi'i  lain  bv  i met 


materials,  water  may  become  partially  confined  betteath  the  linei  materi 
als.  I'hls  confitiement  causes  the  water  pressurt'  to  build  up  itt  the 
coarser  materials  just  as  turning  off  a tavtcet  will  causi'  pti-ssure  to 
build  up  in  a water  line.  Uitder  such  conditiotts,  t hi-  I itiet  materials 
are  called  confining  beds  and  the  uttder  I v iitg,  coat;:ei  matei  ials  contain 
ing  the  contitied  water  are  called  cotifiited  ^q^nilers.  1 he  lime;;toite 
aquifer  and  the  lower  aquifer  are  cotitined  aquilers  t Itt  otigltoni  tin' 
project  area.  Ihider  natural  conditions,  water  in  the  limestone  aqnitei 
was  under  sufficient  artesian  pressure  to  cause  wells  tapiMiig  it  to 
flow.  Now,  however,  large  withdr.iwals  ol  watei  have  decreased  the 
I'tessure  within  the  aquifer  tt>  the  extent  that  I lowing  well;;  ate  taie. 
Water  in  the  upper  aqviifer  is  unconf  ined  at  shallow  depths;  but  iims  be 
contined  or  semi-confined  in  the  lower  sectiotts  where  clay  and  silt  b. 
are  present.  The  upper  surtace  itf  uticonl  ined  g, round  water  is  the  w.itei 
table. 

ITte  continiug  beds  affect  the  long-term  yu'Kl  of  the  deepet  aqni 
lers  because  most  of  the  water  drawn  I rora  these  aquifeis  must  fiirt  :.cep 
tlownward  through  the  confining  beds.  Such  movemetit  is  relerred  to  a;. 
Jlli'-hilS'I'  amount  of  leakage  that  can  lu'  induced,  and  thus  the  maxi 

mum  sustained  regional  yield  of  an  aquiler  is  ct'iitrolled  to  a gteai 
extent  by  the  thickness  and  the  vertical  pet  meab  1 1 1 1 v ol  the  eontinin;-, 
beds , 

The  complex  Interlayering  of  aquiters  and  cinifining  beds  explain;; 
why  some  wells  are  successful  while  others  are  l.iilures.  The  likelihood 
of  obtaining  a successful  well  can  be  greatly  enhanced  it  care  is  take;) 
to  determine  the  local  geology  in  detail  and  to  construct  wells  t ataw 
WMter  from  the  more  productive  zones,  which  are  the  pi-imeabU'  sand, 
limestone,  and  dolomite  beds.  Thi'  position  of  t lu-se  beds  can  be  di'tei 
mined  by  carefully  collecting  .ind  studving  rock  sampU's  I'bt  ainisl  wlien  a 
well  is  drilled  and  by  bore-hole  geophysical  t t'chn  i qui's  . 


bl 


Developing  Ground-W ater  applies 


Developers  and  planners  sometimes  assume  that  there  are  no  praeti- 
eal  limits  to  the  amounts  of  ground  water  available  in  northeast  North 
Carolina,  and  that  the  potential  supply  is  adequate  for  anyone  to  use 
whatever  amount  they  need.  This,  however,  is  not  a valid  assumption, 
and  such  an  attitude  is  not  tenable  in  long-range  planning. 

As  illustrated  in  figure  48,  an  unpumped  aquifer  is  analogous  to  a 
barrel  having  specific  volume,  say  100  gal,  into  which  water  is  running 
at  a specific  rate,  say  5 gal/min.  Once  the  barrel  is  full,  a svsti'm 
exists  with  a storage  of  100  gal,  and  a recharge  rate  of  5 gal/min. 
Outflow  from  the  barrel  will  also  be  5 gal/min.  If  a decision  is  to  bi- 
made  to  use  water  from  the  barrel  the  following  facts  must  be  con- 
s idered : 

1.  As  long  as  recharge  continues  at  the  original  rate  up  to 
5 gal/min  of  water  can  be  removed  fjx'ni  lhe_  barrel  indi  l i- 
nitely , and  the  barrel  will  remain  full.  The  watet  that  is 
removed  will  be  "captured"  from  that  wliich  was  ri>rmerlv  lost 
as  outflow. 

2.  If  more  than  5 gal/min  are  removed,  tlie  additional  water  will 
be  taken  from  the  100  gal  stored  in  the  barrel.  Removal  of 
more  that  5 i',al/min  can  continue  only  until  the  100  gal  in 
storage  have  been  depleted.  I'hereafter  the  barrel  will  In' 
able  to  furnish  no  more  than  S gal/min,  which  is  the  rati-  ol 
recharge. 


5 GAL/MIN 
RECHARGE 


Figure  48. --Aquifers  function  as  both  storage  vessels  and  pipelittes. 
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Although  thts  is  an  ovorsimp 1 i I led  example,  the  same  principles 
apply  to  the  utlll/atlon  of  ground  water.  Aquifers,  loo,  have  finite 
amounts  of  recharge,  storage,  and  dischaige.  Risuoval  ot  water  fri'iu 
aquifers  should  he  planned  according  to  thi'  best  ini  oi  mat  ii'ii  available 
concerning  these  characteristics.  It  an  aquilei  is  pumped,  ui't  only 
will  part  or  all  of  the  natural  discharge  be  captured,  but  water  will  he 
removed  fn'iii  storage.  In  an  unconfined  aquifer,  ii’moval  ot  water  from 
storage  Involves  lowi-ring  tin-  wati-r  table  in  t !\c  vicinitv  of  the  well, 
thereby  dewater  ing  a part  ot  Ltie  aquifer.  In  a conlined  aquifer,  w.itt'r 
is  usually  r»-movcd  from  storage  as  a result  ot  depressur  i zat  iott  of  the 
av|ulfer,  and  the  aquifer  material  is  not  actually  dewatered.  In  both 
instances,  a pressure  gradient  tow.ird  the  well  from  all  direct  ii'us  Is 
established.  The  pressure  gradient  is  reft'rred  to  as  a cone  of  de- 
p^ression.  In  the  case  ot  air  unconl  iired  aquifer,  I hi-  surface  ol  the  coiii- 
ot  di'pression  is  the  loweia’d  water  table.  In  a Ci'ulined  aquifer,  the 
cone  of  depi  'ssion  is  a lowered  pit'ssure  sort  ace  ' ac.  not  an  actual  air- 
water  interlace.  lire  U'wering  of  the  pte  .sure  in  .1  cent  iut'd  aquifer  mav 
induce  leakage  tv'  tire  .iquiter  troin  overlving  heil.-..  Uhen  the  coni’  01 
depression  ot  an  uncontirred  aquifer  intersects  .1  stre.rm  cr  lake,  not 
only  is  ground-water  discharge  t,'  the  stream  diminished,  but  water  1 lom 
the  stream  mav  he  iuvluved  to  i.rv've  into  the  aquiler'  and  tlow  to  the  well 
ftig.  Ad).  Ihit'-  capturirrg  ot  g,i  ouird-wat  ei  discharge  to  the  stream  aird 
indircement  ot  stream  water  into  the  aquitei  will  diminish  the  streamtlow 
.itid  may  cause  thi'  stiiam  to  go  drv,  at  least  tempoiarilr.  Where  the 
water  table  lies  close  to  l.uiii  surtace,  much  water  mav  In'  lost  I rom  the 
water  table  bv  ev.rpoti  ansi'iral  ion.  1 1'wei  ing  the  water  i.ible  hv  pumping, 
reiluces  evapot  ransp  ii  .1 1 ion  losses.  ihis  redu.tion  is  an  important 
potonti.il  source  .’t  rii.in.ige.ib  le  w.iter  in  noithe.ist  N.'ith  t'.irolina. 

.As  a cone  v't  depres.sion  grows,  more  iich.irge  is  i.iptured  from  .111 
ever  l.rrger  are.r.  I'n.’o  tire  c.ipture  I’quals  tlu'  amount  pumped,  the  cone 
will  stabilize,  .ind  .iddition.il  remov.i  1 from  stv'iage  Vi'ill  ve.ise.  Tor  .1 
’.iven  rate  ot  pumping,  t lu’  .ir  e.i  .nfocti'il  bv  the  cone  v'f  depressiini  m.iv 
be  quite  U'c.il,  or  m.iv  covet  m.inv  siiu.ire  mile;;,  vlei’envling  upon  .iquiter 
ihar.ict  er  ist  ics  ind  t lie  .imv'uiU  ot  recti. iigge  iv.iil.ible  per  unit  .ritvi. 

If,  as  Illustrated  on  figure  >0,  other  pumping,  wells  .ire  inst. riled 
withirr  the  area  v'f  the  cone  of  depression  of  .in  v-xistini’,  well,  the  ci'iies 
v'f  vlepressiv'n  I't  tin'  newer  well:;  will  he  super  imposv’d  upon  tlr.it  v'f  the 
I’xisting  well.  'Hie  ilef'th  to  the  water  li'vel  in  e.ich  v'f  the  pumpirrg 
r.;ells  will  be  li'wer  th.ur  thv’  w.iter  ievv'l  in  the  I’xisting  single  well 
when  v'lrly  it  was  being  pumpid.  iho  K'wer  w.itit  li  vel.-  v.- 1 1 1 ii'sult  in 
higher  energy  reqn  i 1 v'ments  in  .'ider  tv’  lilt  w.iter  ! r our  thi-  wi'lls.  Virus, 
v’.rictul  sp. icing  v'f  wells  is  no.  ess. iiv  it  .ill  .11 1’  t.’  opv’r.it,’  et  f ii’ lent  Iv  . 

.\ir  Importairt  coirs  ideral  u'tr  irr  pl.inniirg  the  develv'pmeni  ot  grv'und- 
w.rter  .systems  (s  the  extv’irt  tv'  wlilili  the  effects  of  removal  of  water 
from  .1  given  .rre.i  will  be  spre.ivl  tv'  other  .ire. is.  Mv'st  impel  taut  among 
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50.  Wt'lls  Mi'.U'od  too  oli’solv  will  intortoio  with  ono  .inotlu'i. 


tin*  factors  that  control  the  extent  of  drawdown  caused  by  pumping  wells 
are  the  pumping  rate,  transmissivity,  and  recharge  to  tlie  producing 
acpiifer.  In  aquifers  witli  high  transmissivity,  water  can  move  through 
the  aquifer  with  ease  and  the  effects  of  pumping  are  quickly  spread  over 
relatively  large  areas  resulting  in  large  cones  of  depression  within 
which  drawdowns  are  relatively  small.  The  size  of  the  cone  when  stabi- 
lized will  depend  upon  the  amount  of  recharge  within  area  of  influence 
of  the  cone  of  depression.  That  is,  recharge  must  equal  the  discharge 
(both  natural  and  artificial).  If  the  recharge  rate  is  large,  the  cone 
will  stabilize  relatively  quickly,  and  be  relatively  small  in  extent,  or 
if  the  rate  is  slow,  the  cone  will  spread  over  a much  larger  area  in 
order  to  capture  enough  water  to  meet  tl)e  demands  of  the  pumping  well. 


Maximum  Amount  of  Ground  Water  Available 


The  amount  of  ground-water  available  from  an  aquifer  is  limited  to 
the  water  that  can  be  drawn  from  storage,  the  natural  discharge  that  can 
be  intercepted  and  the  additional  recharge  that  can  be  induced  into  the 
aquifer.  The  amount  of  water  available  to  sustain  long-term  pumpage  is 
different  for  each  of  the  aquifers.  Under  conditions  of  nuximum  de- 
velopment we  can  assume  that  all  natural  discharge  will  cease  and  ad- 
ditional recharge  (that  is,  recharge  in  excess  of  the  natural  recharge) 
can  be  induced  into  one  or  all  of  the  aquifers.  Under  this  condition  we 
can  e(iiiati'  the  long-term  sustained  yield  with  maximum  potential  recharge 
(that  is,  with  natural  plus  induced  recharge).  The  maximum  potential 
recharge  to  the  upper  aquifer  is  controlled  by  the  amount  of  precipi- 
tation remaining  after  minimum  evapotranspiration  demands  are  met,  and 
this  is  estimated  to  average  about  1,000,000  (gal/d)/mi^.  (See  fig.  51.) 
the  amount  of  recharge  to  the  confined  aquifers  depends  prliiutrily  upon 
their  degree  of  confinement.  For  simplicity,  confined  systems  usually 
are  shown  as  discrete  aquifers  and  confining  beds.  Actually,  there  are 
no  clearly  defined  confining  beds  between  the  aquifers  in  most  areas. 
Confinement  may  be  caused  by  overlying  aquifers  of  lower  permeability, 
by  clay  beds  within  the  aquifer,  or  by  a combination  of  these.  As 
indicated  on  figure  51  the  maximum  potential  vertical  recharge  to  the 
limestone  aquifer  is  estimated  to  be  about  500,000  (jjal/d)/mi‘  , and 
tTiat  to  the  lower  aquifer  is  about  50,000  (gal/d) /mi'  . These  numbers 
arc  based  on  the  assumption  that  heads  are  everywhere  drawn  down  to  the 
top  of  the  aquifers.  In  other  words,  they  represent  maximum  ammints 
available  without  dewatering  the  aquifer. 

I'hc  total  amount  of  ground  water  in  storage  depends  upon  the  amount 
of  pore  space  in  the  granular  materials  that  make  up  the  aquifer  (poros- 
ify) , but  not  all  of  this  is  retrievable.  When  subjected  to  pumping 
some  water  will  always  be  retained  in  the  aquifer  by  capillary  action 
and  in  films  on  the  individual  grains.  The  amount  of  this  re tent  ion 
varies  with  the  type  of  materials,  but  ranges  from  less  than  5 percent 
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in  biHildt'rs  to  around  30  percent  in  sandy  clay  (Ward,  1967,  p.  255). 

The  conditions  under  which  ground  water  occurs  in  an  aquifer  are 
alr.o  of  prime  importance  in  determining  the  amounts  that  may  be  removed 
f t\nn  storage.  In  unconfined  (water-table)  aquifers  it  is  common 
practice  to  dewater  the  aquifers  to  whatever  extent  is  desirable,  or 
possible;  making  the  retrievable  storage  equal  to  total  storage  (total 
porosity)  minus  a snuill  amount  of  retention  in  the  aquifer.  In  confined 
aquifers  tlie  possibilities  of  land  subsidence,  decreased  aquifer  ef- 
ficiency due  to  decrease  in  the  saturated  thickness,  and  water  quality 
prehli'ms  created  by  introducing  air  to  unoxidlzed  aquifer  materials,  may 
make  it  undesirable  to  actually  dewater  the  aquifer.  If  so,  the  only 
amounts  that  can  be  drawn  from  storage  are  that  derived  from  compression 
ot  the  aquifer  when  its  Internal  pressure  is  reduced;  and  that  due  to 
expansion  of  water  when  it  is  no  longer  confined  under  pressure,  which 
will  collectively  be  called  artesian  storage  hereafter.  These  amounts 
are  relatively  small,  but  within  the  influence  of  a large  cone  of  de- 
pression they  can  account  for  significant  quantities  of  water.  If  there 
are  no  objections  to  dewatering,  confined  aquifers  will  also  yield  water 
in  storage  in  amounts  equal  to  their  porosity  minus  retention.  Figure 
51  shows  estimates  of  the  amounts  of  water  in  various  land  phases  of  the 
area.  It  is  seen  that  in  the  confined  aquifers  artesian  storage  com- 
prises less  than  one  one-thousandth  of  the  total  storage. 


Saltwater 


Maximum  amounts  of  ground  water  available  as  discussed  in  the 
previous  section  are  of  interest  from  a conceptual  viewpoint,  but 
throughout  most  of  the  project  area,  much  of  the  available  ground  water 
is  too  salty  to  be  useful  for  many  purposes.  As  discussed  earlier, 
water  containing  more  than  200  mg/L  of  chloride  is  considered  salty  in 
this  report.  A map  of  the  approximate  depth  to  watte  containing  200 
mg/I,  of  chloride  is  shown  on  figure  52.  Freshwater  supplies  generally 
can  be  developed  only  at  depths  shallower  than  chose  shown  on  figure  52. 
F.vi'n  so,  pumping  can  induce  saltwater  to  encro;  ch  into  zones  of  fresh- 
water. The  principles  of  saltwater  encroachment  induced  by  pumping  are 
discussed  in  the  following  paragraphs.  At  present,  however,  there  seems 
to  be  no  way  of  estimating  the  maximum  amount  of  freshwater  that  can  be 
derived  from  those  areas  where  freshwater  is  underlain  by  saltwater. 

The  natural  freshwater  flow  pattern  in  the  upper  and  limestone 
aquiters  is  shown  in  figure  53-A.  In  the  example  shown,  the  lower  aqui- 
fer contains  only  saltwater.  The  shallow  aquifer  is  recharged  from  pre- 
cipitation on  the  land  surface  and  discharges  water  to  the  saltwater 
bodies.  The  potentiometric  surface  shown  in  figure  53-A  is  the  surface 
representing  the  pressure  head  of  the  water  in  the  upper  part  of  the 
limestone  aquifer.  In  figure  53-B  the  limestone  aquifer  is  being 
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figure  57.  The  curves  of  figure  55  are  based  on  an  assumed  trans- 
missivity of  10,000  (gal/d)/ft^  and  a storage  coefficient  of  0.10.  It  is 
further  assumed  that  the  aquifer  Is  homogeneous  and  of  unlimited  extent. 

Yields  to  small  diameter  screened  wells  are  typically  5 to  10 
gal/mln,  although  in  some  places  wells  tapping  sand  and  shell  beds  may 
yield  as  much  as  100  gal/mln.  Combined  with  the  tremendously  high 
potential  recharge  to  the  upper  aquifer,  the  more  localized  effects  of 
pumping  make  it  possible  to  secure  large  supplies  of  ground  water  with 
batteries  of  closely  spaced  shallow  wells.  Although  very  little  of  this 
type  of  development  has  occurred,  such  shallow-well  fields  represent  the 
most  productive  long-term  source  of  fresh  water  for  the  area.  An  ex- 
ample is  the  battery  of  more  than  200  wells  that  has  supplied  roughly 
one  million  gallons  of  water  per  day  to  the  town  of  Elizabeth  City, 

N.C.,  for  many  years.  The  number  of  wells  used  at  Elizabeth  City 
varies,  but  the  area  of  the  well  field  is  only  about  0.5  ml^ . As  shown 
on  figure  56  an  observation  well  located  about  1,500  ft  from  the  nearest 
pumping  well  shows  no  noticeable  long-term  effects  of  the  large  amounts 
of  water  being  withdrawn  nearby. 


Near  Wanchese,  on  Roanoke  Island  one  well  was  reported  to  yield 
nearly  1,000  gal/mln  of  freshwater  (driller's  report,  on  file  at  North 
Carolina  Department  of  Natural  Resources  and  Community  Development). 

This  yield  is  exceptionally  large  for  the  area.  The  upper  aquifer  is 
the  only  local  source  of  freshwater  on  the  Outer  Banks.  Winner  (1975) 
in  a study  of  the  Cape  Hatteras  National  Seashore,  which  extends  from 
near  Manteo  southward  to  Ocracoke  Island,  found  that  only  small  yields 
from  individual  wells  would  afford  dependable  supplies  of  freshwater. 
Only  on  the  large  Hatteras  Island  (where  Cape  Hatteras  is  located)  can 
wells  be  pumped  at  rates  up  to  70  gal/mln.  At  a few  other  places  on  the 
Seashore  wells  could  be  pumped  as  much  as  30  gal/min.  Elsewhere  yields 
would  have  to  be  much  less  than  this.  Along  the  rest  of  the  Outer 
Banks,  the  ground-water  situation  is  expected  to  be  similar  to  that 
within  the  Seashore. 


One  reason  why  the  potential  of  the  upper  aquifer  for  providing 
large  ground-water  supplies  has  not  been  fully  explored  is  because  the 
quality  of  water  is  frequently  such  that  it  requires  treatment  to  make 
it  suitable  for  some  uses.  This  problem  will  be  discussed  later. 


Amount  ot  Water  Available 

The  maximum  rate  at  which  the  upper  aquifer  can  yield  water  to  a 
well  at  a given  point  is  shown  on  figure  57.  It  is  assumed  that  the 
well  is  open  to  the  bottom  half  of  the  aquifer,  that  drawdown  at  the 
well  is  equal  to  half  the  aquifer  thickness,  and  that  there  is  no 
interference  from  other  wells.  No  consideration  was  given  to  the 
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chemical  quality  of  the  water,  and  the  quantities  estimated  on  figure  57 
Include  both  freshwater  and  saltwater.  The  maximum  potential  yield  of 
this  aquifer  to  a well  Is  generally  less  than  that  of  the  other  two 
aquifers  at  any  given  point.  However,  the  maximum  potential  sustained 
yield  of  the  upper  aquifer  per  square  mile  Is  estimated  to  be  greater 
than  either  of  the  other  two  aquifers.  The  principal  sources  of  re- 
charge In  the  landward  part  of  the  upper  aquifer  are  Infiltrating 
precipitation,  capturable  evapotransplratlon,  and  capturable  base 
stream! low. 

An  analog  model  study  of  the  lower  Arkansas  and  Verdigris  River 
Valleys  In  Arkansas  (Bedlnger  and  others,  1970)  has  Indicated  that  If 
the  water  table  In  a back-swamp  area  somewhat  similar  to  northeast  North 
Carolina  was  lowered  from  the  land  surface  to  a depth  of  30  ft,  approxi- 
mately 610,000  (gal/d) /ml^  of  evapotransplratlon  and  rejected  potential 
Infiltration  could  be  captured.  The  estimated  average  depth  to  the 
water  table  In  northeast  North  Carolina  Is  about  1 ft.  At  this  Initial 
depth  to  water,  drawdowii  to  30  ft  would  produce  about  590,000  (gal/d) 
/mi^.  In  addition,  drawing  down  the  water  table  to  such  a depth  would 
also  capture  the  water  that  Is  lost  from  the  aquifer  as  base  streamflow. 
This  capture  Is  estimated  at  460,000  (gal/d) /ml‘.  The  total  of  these 
two  captures  Is  roughly  1 (Mgal/d) /ml^ . Capture  of  base  streamflow 
would,  of  course,  result  In  the  streams  being  dry  most  of  the  time. 

In  arriving  at  the  total  capture,  the  extracted  water  was  assumed 
to  be  totally  consumed.  The  consumption  of  water  being  normally  much 
less  than  water  use,  much  of  the  extracted  water  might  find  Its  way  back 
to  the  aquifer  through  stream  channels  and  other  routes  after  use.  Such 
potential  reuse  of  ground-water  Is  desirable  from  an  available-supply 
viewpoint,  but  it  also  raises  the  possibility  of  contaminated  water 
being  introduced  into  the  shallow  aquifer. 


Freshwater-Saltwater  Relations 

Tl>e  upper  aquifer  contains  only  freshwater  in  the  western  part  of 
tju'  study  area  Uig.  58).  In  the  eastern  part  the  freshwater  zone  in 
tl»e  upper  part  of  tlie  aquifer  thins  progressively  and,  in  most  places, 
pinclies  out  completely  at  the  borders  of  the  sounds.  Roanoke  Island  and 
a part  of  the  adjacent  mainland  are  an  exception,  however.  Here,  the 
freshwater  lens  thickens  again  to  over  200  ft  (Peek,  and  others,  1972). 
The  deep  freshwater  is  contained  in  seml-conf ined  to  confined  water- 
bearing zones  In  the  upper  aquifer.  In  some  cases,  the  freshwater  Is 
overlain  by  saltwater  in  the  unconflned  upper  part  of  tlie  upper  aquifer. 
Wells  yielding  up  to  1,000  gal/mln  have  been  drilled  on  Roanoke  Island. 
On  Hatteras  Island,  Winner  (1975)  found  the  freshwater  lens  to  be  as 
much  as  100  ft  thick.  Elsewhere  along  the  Cape  Hatteras  National  Sea- 
shore, the  freshwater  lens  Is  rarely  as  much  as  40  ft  thick.  The  lens 
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EXPLANATION 

-200"^  WATER-QUALITY-ZONE  CONTOUR— shows  .jltitiulo  of  base  ol 
freshwater.  Contour  interval  100  feet  (30  meters). 
Datum  is  mean  sea  level. 


Aquifer  contains  only  freshwater. 

I ^ Aquifer  contains  both  freshwater  and  saltwater. 


Figure  58. — Freshwater-saltwater  relations  in  the  upper  aquifer. 
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Is  probably  not  much  thicker  than  this  anywhere  else  along  the  Outer 
Banks  in  northeast  North  Carolina. 


Chemical  Quality  of  Water 

The  sediments  that  make  up  the  upper  aquifer  are  diverse  in  their 
mineral  content.  As  a result,  the  chemical  quality  of  water  In  the 
aquifer  differs  considerably  from  place  to  place.  In  general,  as  shown 
In  table  4,  waters  from  the  upper  aquifer  tend  to  be  low  In  dissolved 
solids,  but  In  places  they  possess  other  undesirable  quality  character- 
istics. 

In  its  journey  through  the  atmosphere  and  soil  zone,  water  infil- 
trating to  the  water  table  dissolves  large  amounts  of  carbon  dioxide. 
This  carbon  dioxide  in  the  water  forms  a weak  solution  of  carbonic  acid 
which  results  in  much  of  the  water  in  the  upper  aquifer  being  suf- 
ficiently acid  to  be  corrosive  to  metals.  Iron-bearing  minerals,  which 
are  abundant  in  most  of  the  sediments  comprising  the  upper  aquifer,  are 
readily  soluble  in  acid  water,  and  amounts  of  iron  high  enough  to  stain 
laundry,  porcelain  fixtures,  and  paper  are  common.  Waters  containing 
more  than  300  ug/L  (micrograms  per  litre)  (0.3  milligrams  per  litre)  of 
iron  need  treatment  for  domestic  or  public  water  supplies. 

Some  parts  of  the  upper  aquifer  contain  shell  material  which  is 
also  highly  soluble  in  acid  water.  Solution  of  shell  material  decreases 
the  acidity  of  the  waters  and  usually  causes  dissolved  iron  to  precipi- 
tate, but  solution  of  calcium  and  magnesium  contained  in  the  shells 
causes  waters  in  these  areas  to  become  hard.  A discussion  of  hardness 
is  included  in  the  section  of  this  report  on  the  limestone  aquifer. 

Although  waters  from  the  upper  aquifer  may  require  treatment  for 
acidity,  iron,  or  hardness,  the  treatment  processes  required  to  correct 
these  objectionable  characteristics  are  relatively  simple  and  are 
economically  feasible  for  most  water  uses. 

One  precaution  that  must  be  considered  when  developing  water  sup- 
plies from  the  upper  aquifer  is  that  the  water  is  subject  to  contami- 
nation from  the  land  surface  and  must  be  protected  in  much  the  same  way 
as  surface-water  supplies.  Industrial  wastes,  agricultural  chemicals 
and  fertilizers,  accidental  spills  of  petroleum  products,  or  other 
noxious  materials  Including  leachate  from  landfills  may  move  downward  to 
the  water  table  and  contaminate  shallow  water  supplies.  Such  contami- 
nation has  been  rare  thus  far  and  no  significant  examples  are  known  to 
exist  in  the  study  area  at  present. 
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Table  4. — Chemical  Analyses  of  water  samples  from  wells  In  the 

upper  aquifer 


Camden,  N. C. 
Camden  Cos 

Nr.  Elliabath 
City,  N.C. 
PasQuotank  Co. 

Manteo,  N.C. 
Dare  Co. 

1 South  Creek, 
N.C. 

Beaufort  Co. 

Nr.  Arapahoe, 
N.C. 

Dapth  (ft) 

105 

32 

35 

! 

20 

Tamparatur*  (*C) 

- 

- 

- 

- 

70* 

Color 

21 

- 

- 

- 

50 

Spa  Cond.  (uaho) 

1,200 

300 

267 

452 

41 

pH 

7.4 

6.6 

7.4 

7.2 

4.2 

Bicarbonate  (HC03) 

(»g/L) 

379 

131 

108 

37  1 

0 

Carbonate  (C03) (ng/t) 

0 

0 

0 

0 1 

0 

Phosphate  (P04)(Hg/L) 

2.0 

.6 

.0 

.0 

_ 

Hardness  (Ca,  Mg) (ng/L) , . , 

234 

116 

106 

48 

6 

Noncarbonate  Hardness 

(■g/L) 

0 

9 

1 

* 17 

18 

6 

Calcium  (Ca)<ng/L) 

42 

33 

37 

11 

1 

Magnesium  (Mg) (mg/L) 

31 

8.4 

3.5 

5.1 

1.1 

Sodium  (Na)(mg/L) 

149 

16 

17 

60 

3.1 

Potassium  (K)(mg/L) 

20 

1.4 

.7 

1.4 

.7 

Chloride  (Cl) (mg/L) 

192 

9.6 

25 

95 

6.3 

Fluoride  (F)(mg/L) 

.1 

.2 

.0 

.0 

.0 

silica  (S102)(mg/L) 

50 

34 

7.1 

15 

6.9 

Iron  (Fe)(ug/L) 

79 

300 

- 

810 

2,460 

Dissolved  Solids 
(Residue  at  180”C) 

(mg/L) 

38 

Dissolved  Solids  (Sum  of 
constituents) (mg/L) 

674 

210  1 

218 

32 

Nitrate  (NOB) (mg/L) 

- 

.6 

.6 

1 

.0 

.00 

The  Limestone  Aquifer 

In  its  upper  part,  the  limestone  aquifer  consists  largely  of  lime- 
stone with  some  calcareous  sand  and  shale.  The  lower  part  is  much 
sandier  with  abundant  calcareous  sand  and  sandy  limestones  and  dolomltic 
limestones.  (See  fig.  47.)  The  upper  part  tends  to  be  more  permeable 
than  the  lower  part.  This  aquifer,  as  defined  in  this  report,  comprises 
the  units  of  Oligocene,  Claiborne,  and  Sabine  age  of  Brown,  and  others 
(1972).  These  units  are  generally  equivalent  to  the  Castle  Hayno  aqui- 
fer of  other  authors. 
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The  limestone  aquifer  dips  to  the  east  at  an  average  rate  of  about 
20  ft/mi  (fig.  59).  The  aquifer  thickens  to  the  east  and  southeast  and 
reaches  a thickness  of  about  1,200  ft  near  Cape  Hatteras,  The  average 
thickness  of  the  aquifer  is  510  ft. 


1 


Amount  of  Water  Available 

I'stimates  of  the  maximum  rate  at  which  the  limestone  aquifer  can  be 
pumped  at  any  given  point  is  shown  in  figure  60.  These  estimates  are 
based  on  assumption  of  a fully  penetrating  well  with  drawdown  to  the  top 
of  the  aquifer  and  no  interference  from  other  wells.  No  consideration 
is  given  to  the  chemical  quality  of  the  water  that  would  be  produced  nor 
to  the  physical  limitations  of  flow  in  a single  well  bore.  The  yields 
increase  to  the  east  and  southeast  as  both  the  thickness  of  the  aquifer 
and  its  depth  below  land  surface  increase.  The  thicker  the  aquifer,  the 
greater  its  ability  to  transmit  water  per  unit  of  drawdown.  The  greater 
its  depth  below  land  surface,  the  greater  the  available  drawdown.  The 
yields  shown  on  figure  60  are  based  upon  the  estimated  water- 
transmitting  characteristics  of  the  aquifer  itself.  Little  is  known 
about  the  amounts  of  capturable  recharge  available  once  artesian  storage 
has  been  depleted,  except  near  the  phosphate  mines  near  Aurora.  It  is 
probable,  particularly  where  the  overlying  confining  beds  are  thick  and 
tight,  that  sustained  yields  are  considerably  less  than  those  shown. 

The  drawdown  conditions  assumed  in  computations  used  to  construct 
figure  60  actually  exist  at  a phosphate  mine  near  Aurora,  N.C.,  which  is 
near  the  south  bank  of  the  Pamlico  River  about  18  mi  southeast  of 
Washington.  Withdrawal  of  water  from  the  limestone  aquifer  started  in 
July  1965  and  has  continued  without  Interruption  since  at  rates  ranging 
from  about  50  to  about  65  Mgal/d.  The  number  of  wells  in  use  at  any 
time  varies  but  is  usually  12  or  13  so  arranged  that  water  levels  in  the 
limestone  aquifer  are  lowered  to  a depth  of  120  ft  below  sea  level  in  an 
area  of  about  400  acres  in  order  to  permit  dry-pit  mining  of  the  phos- 
phate ore.  Drawdown  is  at  or  below  the  top  of  the  limestone  aquifer  in 
about  a 1 rai^  area,  and  drawdown  effects  resulting  from  these  large 
withdrawals  have  been  detected  more  than  25  ml  from  the  center  of  pump- 
ing (Peek  and  Nelson,  1975).  The  availability  of  water  from  the  lime- 
stone aquifer  has  been  lessened  within  this  large  cone  of  depression, 
expeclally  near  the  center  of  pumpage. 

The  sustained  yield  of  the  aquifer  is  assumed  to  be  the  amount  that 
can  be  captured  from  recharge  that  enters  the  aquifer  where  it  either 
outcrops  or  subcrops  beneath  thin  beds  of  fairly  permeable  materials . 
plus  the  amount  that  can  be  induced  to  leak  into  a cone  of  depression 
through  overlying  confining  beds.  In  the  vicinity  of  the  phosphate 
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aquifer  below  sea  level.  Contour  Intervals  100  feet 
(30  meters)  and  200  feet  (bl  meters).  Datum  is  mean 
sea  level. 



ALTITUDE  CONTOUR — shows  altitude  of  base  of  the  limestone 
aquifer  below  sea  level.  Contour  Intervals  100  feet 
(30  meters)  and  200  feet  (61  meters).  Datum  is  mean 
sea  level. 


Figure  59. — Altitudes  of  the  top  and  base  of  the  limostone  aquifoi 
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values  In  1000s  of  gallons  per  minute.  Intervals 
10,000  and  50,000  gallons  per  minute  (630  and  3150 
liters  per  second). 


Figure  60. — Maximum  potential  yield  of  the  limestone  aquifer 
to  individual  wells  without  regard  to  water  quality. 
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mine  near  Aurora,  Sherwani  (1973,  p.  38)  has  estimated  values  of  leakage 
to  be: 


Thickness  of 
Confining  Bed 

Leakage 

0 ft 

500, UOO  (gal/d) /mi^ 

30  ft 

28,000  (gal/d)/mi2 

250  ft 

14,000  (gal/d) /ml^ 

" These  values  undoubtedly  also  include  small  amounts  of  upward  leakage 

through  underlying  confining  beds.  It  is  also  likely  that  some  of  what 
I Sherwani  included  as  leakage  is  captured  ground-water  discharge. 

ij 

I Development  of  Water  Supplies 


; The  limestone  aquifer  transmits  water  more  readily  than  any  of  the 

j other  aquifers  in  the  area  and,  as  a result,  wells  tapping  this  aquifer 

I can  produce  tremendous  quantities  of  water.  In  the  early  stages  of 

j pumping  a well,  much  of  this  water  comes  from  storage  in  the  aquifer  and 

j,  the  cone  of  depression  spreads  swiftly  away  from  the  well.  As  the  cone 

of  depression  spreads,  the  area  over  which  natural  discharge  is  captured 
and  additional  recharge  is  Included  into  the  aquifer  increases  pro- 
portionally. In  the  western  part  of  the  area  underlain  by  the  limestone 
aquifer,  confining  beds  overlying  the  aquifer  are  thin  and  in  parts  of 
the  stream  valleys  are  probably  absent.  Drawdowns,  such  as  are  caused 
' by  pumpage  at  the  phosphate  mine,  result  in  significant  increases  in 

. recharge  and  capture  of  natural  discharge  in  this  area.  In  the  re- 

; malnder  of  the  area  drawdowns  probably  result  in  drainage  of  water  from 

I storage  in  the  overlying  and  underlying  confining  beds  and,  ultimately, 

leakage  through  the  beds  from  the  unconfined  aquifer  and  the  sounds  and 
estuaries.  Drawdowns  have  been  observed  to  stabilize  relatively 
quickly.  This  is  illustrated  by  the  hydrograph  of  observation  well  NC- 
13  near  Aurora  shown  on  figure  61.  This  well  is  about  4 mi  from  the 
well  field  at  a phosphate  mine  at  which  water  is  pumped  from  the  lime- 
stone aquifer  to  dewater  the  overlying  formation.  The  first  full  month 
of  pumping  at  the  mine,  at  a rate  of  about  31  Mgal/d,  was  July  1965.  By 
September  1965  the  pumping  rate  had  increased  to  65  Mgal/d  and  the  water 
1 level  in  the  observation  well  had  been  lowered  more  than  50  ft.  There- 

i after  no  significant  additional  drawdown  occurred;  and,  in  fact,  since 

1969  some  recovery  has  taken  place  in  response  to  slight  decreases  in 
the  amount  of  water  withdrawn  from  the  well  field. 
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BELOW  LAND  SURFACE 


Figure  61. — Hydrograph  of  well  NC  13  near  Aurora,  N.C. , showing  the 
response  of  the  limestone  aquifer  to  the  withdrawal  of  large 
amounts  of  water. 


1;  Theoretically,  there  Is  little  or  no  relationship  between  the  rate 

I at  which  a well  is  pumped  and  the  radius  of  its  cone  of  depression; 

I however,  drawdowns  within  the  cone  will  vary  greatly  with  different 

pumping  rates.  An  important  consideration  in  planning  the  development 
of  an  aquifer  is  the  amount  of  drawdown  that  can  be  tolerated,  and  well 
fields  must  be  designed  to  keep  the  lowering  of  water  levels  within 
limits  deemed  tolerable.  A series  of  idealized  distance-drawdown 
curves  for  various  pumping  rates  in  the  limestone  aquifer  are  shown  on 
figure  62.  The  curves,  based  on  assumed  values  of  0.0002  for  the 
storage  coefficient,  and  15,000  (gal/day)/ft  for  the  transmissivity,  are 
known  to  be  valid  only  for  the  Aurora  area,  but  give  some  indication  of 
the  response  of  the  aquifer  to  different  pumping  rates.  Such  curves  are 
used  to  determine  maximum  pumping  rates  and  minimum  well  spacing  that 
will  not  result  in  excessive  Interference  between  pumping  wells.  It 
should  be  remembered  that  the  cones  of  depression  of  closely  spaced 
wells  intersect,  and  the  drawdown  will  be  cumulative.  (See  fig.  50.) 

Yields  to  wells  tapping  the  limestone  aquifer  will  be  much  higher 
than  yields  to  wells  tapping  the  other  aquifers  in  the  area.  Wells  as 
small  as  10  in  in  diameter  tapping  the  limestone  aquifer  can  be  ex- 
pected to  yield  several  hundred  to  more  than  1,000  gal/min.  Some 
individual  wells  used  in  the  phosphate  mine  dewatering  operations  near 
Aurora  yield  as  much  as  2,000  gal/min  In  an  area  where  Interference  from 
other  pumping  wells  is  severe. 


Freshwater-Saltwater  Relations 

Most  of  the  freshwater  in  the  limestone  aquifer  occurs  in  the 
southwestern  one-third  of  the  project  area  (fig.  63).  To  the  north 
flushing  of  saltwater  from  the  aquifer  is  less  complete.  To  the  east, 
the  aquifer  dips  progressively  deeper  beneath  the  overlying  sediments; 
the  combination  of  Increasing  confinement  and  back  'pressure  of  the  salt- 
water has  hindered  flushing.  Thus,  most  of  the  freshwater  now  contained 
in  the  aquifer  is  a result  of  lateral  flushing  by  freshwater  that 
entered  the  aquifer  in  recharge  areas  in  the  western  part  and  west  of 
the  project  area  where  the  limestone  units  cropout — or  subcrop — beneath 
the  upper  aquifer. 

Near  the  western  border  of  the  area,  flushing  of  saltwater  is 
complete,  and  the  limestone  aquifer  contains  only  freshwater.  Fresh- 
water has  been  found  all  the  way  to  the  Outer  Banks  in  the  southern  part 
of  the  area.  Throughout  most  of  the  area  where  freshwater  is  found, 
however,  the  freshwater  is  underlain  by  saltwater. 
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Hard  waters  are  usually  recognized  because  they  do  not  lather 
readily  and  form  curds  when  mixed  with  soap.  The  hardness  of  these 
waters  Is  caused  by  calcium  and  magnesium  dissolved  from  limestone  and 
dolomite  which  are  abundant  throughout  the  aquifer.  Because  hardness  Is 
a property  not  caused  by  a single  constituent.  It  Is  reported  as  the 
amount  of  calcium  carbonate  (CaC03)  that  would  be  chemically  equivalent 
to  all  of  the  hardness-causing  constituents  present  in  solution.  To 
some  degree,  the  amount  of  hardness  that  Is  objectionable  to  an  Indi- 
vidual depends  upon  what  type  of  water  the  Individual  Is  accustomed  to. 
The  following  arbitrary  scale  has  been  used  to  classify  the  hardness  of 
water : 


Classlf Icatlon 
soft 

moderately  hard 
hard 

very  hard 


Based  upon  this  system  most  of  the  water  from  the  limestone  aquifer 
Is  hard  or  very  hard. 

Silica  (Si02)  is  usually  present  in  limestone-aquifer  waters  In 
amounts  ranging  from  20  to  40  mg/1,  but  occasionally  approaches  80  mg/1. 
Silica  can  form  bothersome  scale  in  high-pressure  steam  boilers  and  on 
the  blades  of  steam  turbines.  Silica  can  also  be  removed,  but  not  so 
readily  as  calcium  and  magnesium. 

Once  water  percolates  from  the  upper  aquifer  Into  the  limestone 
aquifer  any  dissolved  Iron  present  will  usually  start  to  precipitate, 
and  most  limestone  waters  do  not  contain  high  Iron  concentrations.  Near 
recharge  areas,  however,  where  water  has  had  short  residence  time  in  the 
aquifer,  the  iron  concentration  may  be  300  jig/1  or  more  and  can  stain 
clothing,  bathroom  fixtures,  utensils,  and  papers. 

I 

The  Lower  Aquifer 

The  lower  aquifer  comprises  all  rocks  of  I’aleocene,  Cretaceous,  and 
Jurassic  age  In  the  area  as  they  have  been  defined  bv  Brown  and  others 
(1972).  In  some  reports,  rocks  roughly  equivalent  to  the  rocks  of 
Paleocene  age  are  treated  separately  as  the  Beaufort  aquifer.  The  lower 
aquifer  underlies  virtually  all  of  the  Coastal  Plain  of  North  Carolina. 
The  base  of  the  lower  aquifer  lies  directly  upon  the  crystalline  base- 
ment rocks.  The  lower  aquifer  consists  mostly  of  thin  beds  of  shale 
Interbedded  with  fine  to  medium  sands.  Here  and  there,  thin  beds  of 
dolomite,  limestone  (mostly  sandy),  or  shells  occur. 
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The  aquifer  both  dips  and  thickens  to  the  east  and  southeast  (fig. 
6A).  The  thickness  at  Cape  Hatteras  Is  over  7,000  ft.  The  average 
thickness  of  the  aquifer  In  the  area  of  study  Is  2,800  ft.  The  aquifer 
dips  at  an  average  rate  of  25  ft/ml. 


Amount  of  Water  Available 

The  maximum  rate  at  which  wells  In  the  lower  aquifer  can  be  pumped 
at  any  given  location  Is  shown  In  figure  65.  The  assumptions  are  the 
same  as  were  used  for  the  map  of  the  limestone  aquifer,  that  Is,  a fully 
penetrating  well;  drawdown  to  the  top  of  the  aquifer;  and  no  Inter- 
ferrence  from  other  wells.  As  before,  no  consideration  Is  given  to  the 
chemical  quality  of  the  produced  water.  The  yields  Increase  toward  the 
east  and  southeast  as  both  the  aquifer  and  Its  overburden  Increase  In 
thickness. 

The  average  maximum  steady  yield  of  the  aquifer  per  square  mile  Is 
assumed  to  be  the  amount  of  vertical  downward  recharge  per  square  mile 
Induced  by  everywhere  drawing  down  the  potentlometrlc  surface  to  the  top 
of  the  aquifer.  Recharge  from  the  basement  rocks  would  be  negligible. 
The  yield  Is  estimated  at  50,000  (gal/d) /ml^.  This  yield  value  was 
determined  by  analysis  of  the  cones  of  depression  at  two  sites,  one  at 
Kinston^  N,  C. , (west  of  the  study  area)  and  the  other  at  Franklin,  Va., 
(north  of  the  study  area).  There  is  no  proof,  however  that  either  of 
these  cones  have  stabilized.  If  not,  sustained  yields  could  be  much 
less  than  those  shown  on  figure  65.  The  limestone  aquifer  is  not 
present  at  either  site.  The  areal  yield  figure  may  not  be  valid  where 
the  limestone  aquifer  comprises  a significant  part  of  the  overlying 
section. 


Development  of  Water  Supplies 

The  lower  aquifer  underlies  virtually  all  of  the  Coastal  Plain  of 
North  Carolina.  Where  it  contains  freshwater,  the  lower  aquifer  is  the 
most  wldely-used  aquifer  In  the  entire  Coastal  Plain  of  North  Carolina. 
This  Is  primarily  because.  In  many  areas,  large  quantities  of  good 
quality  water  are  available  that  require  little  or  no  treatment  for  most 
uses.  Freshwater  can  be  found  in  the  lower  aquifer  in  much  of  the 
northwest  part  of  the  study  area,  and  here  yields  to  Individual  wells 
can  be  expected  to  be  several  hundred  to  as  much  as  1,000  gal/min. 

Although  the  lower  aquifer  is  a significant  source  of  water  for  the 
eastern  part  of  the  State,  the  importance  of  it  as  the  major  source  of 
freshwater  for  the  area  has  been  overstressed.  Because  of  its  great 
thickness  It  does.  In  many  localities,  have  the  capacity  to  yield  large 
quantities  of  water  to  Individual  wells.  The  hydraulic  conductivity  of 
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Kluure  b4. — Altitiuios  of  ,th»?  top  and  base  of  the  lower  aquifer. 
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EXPlJWATlON 

^5^*—  LINE  or  EQUAL  MAXIMUM  POTENTIAL  YIELD  TO  A WEIX.  Value*  l» 
lOOOs  of  gallon*  par  Binut*.  Intervala  $>000:  10,000;  and 
20,000  gallona  per  Blnut*  (31S,  730,  and  1260  lltara  par 
aaoond) . 

Fljiure  b').— Mijxtnmm  potential  yield  of  the  lower  aquifer  to 
Individual  wells  without  regard  to  water  quality. 


tht!  lower  aquifer,  however,  la  much  lower  than  that  o£  Che  llmeetcme 
aquifer.  In  hiIi.1  It  lou,  the  aqulter  la  hl);hlv  oouflneil  with  much  of  the 
confluomont  or  l^lnat  ln>;  wlthl>\  the  aqulter.  Aa  previoualy  mtuitloned, 
the  maximum  Induced  recharge  la  only  50,000  (gal/d)/ml‘  (fig.  51).  The 
result  la  that  cones  ot  depression  around  wells  In  the  lv>wer  aquifer  are 
both  deeil  and  areal Iv  extensive. 

The  most  well-documented  hlstorv  of  the  effects  ot  large  long-term 
withdrawals  from  the  lower  aquifer  Is  at  Kranklln,  Va. , which  la  about 
b ml  north  of  the  st.ate  line  (fig.  6b).  From  l‘)J‘<-b‘i  an  estimated  158 
billion  gallons  ot  water  were  withdrawn  In  the  vicinity  of  Franklin. 

Figure  67  Is  a record  of  pumpage  and  drawdowns  at  the  well  field.  It  la 
significant  to  note  that,  evevt  during  the  early  years  of  the  record 
(l'}4l-4‘l),  when  pumpage  was  only  about  S.S  Mgal/d,  water  levels  declined 
steadily  tor  almost  5 years  before  showing  signs  that  the  amount  being 
captured  was  approaching  the  anunint  being  wlthdiiiwn.  I'he  next  extended 
period  of  fairly  constant  pumpage  was  ld6t>-65  when  the  rat»'  averageil 
about  22  Mgal/d.  During  this  period  there  was  no  Indication  that  the 
additional  amount  of  recharge  Induced  to  the  aqulter  by  the  spreading 
cone  ot  depression  and  lowered  water  levels  was  approaching  the  amount 
belfng  withdrawn. 

I 

it 

The  cone  ot  depression  developed  aiv'und  the  Franklin  well  field  now 
underlies  an  area  of  more  than  5,000  ml*,  and  extends  southward  abv'ut 
40  ml  from  Franklltt,  or  10  ml  Into  North  I'arollna,  and  nu're  than  60  ml 
eastward  to  the  Atlantic  Ocean,  ih/er  11  billion  gallons  ot  water  had 
been  removed  from  aqulter  storage  by  the  end  of  I*)?!. 

The  Franklin  pumpage  Illustrates  the  widespread  »'ffects  of  removal 
ot  large  amounts  of  water  from  the  Iv'wer  aquifer.  It  Is  obvious  that 
development  ot  addltlon.il  large  supplies  within,  or  even  near,  the  com' 
of  depression  shown  on  figure  66  wilt  ultimately  both  limit,  and  be 
limited  bv,  the  pumping  at  Franklin. 

Dlst ance-drawdown  curves  for  the  low«'r  aqulter  near  Kinston,  N.i'., 
are  shown  on  figure  68.  I'hese  curves  are  based  on  tlie  assumption  ot  a 
homogeneous  aquifer  of  Infinite  extent  wltti  an  .iverage  stv'iage  coet- 
tlcient  of  0.0001  and  an  assumed  transmissivity  ol  10.000  tgal.il)  It. 

OompaVlson  of  these  with  those  shown  on  t Igure  b.'  t oi  t tie  llmeston«' 
aquifer  emphasizes  the  differences  In  tlie  responses  ot  these  two  con- 
fined aquifers. 

i 

1 

Freshwater-Saltwater  Relat ions 

i 

Freshwater  In  the  lower  aquifer  occvirs  only  In  tlie  northwest  part 
and  the  western  fringe  of  the  study  area  (fig.  6*1).  In  the  northwest 

saltwater  has  been  flushed  completely  from  the  lower  aqulter.  Here  j 
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Flcure  66. — Decline  in  water  level  in  the  lower  aquifer  resulting  from 
pumpage  at  Franklin,  Va.  (Adapted  from  Brosvn  and  Cosner,  1974.) 
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Figure  67 . --Ground-water  pumpage  and  water  levels  In  the 
lower  aquifer  in  the  Franklin,  Va. , area. 


the  limestone  is  absent  and  the  lower  aquifer  lies  immediately  below 
upper  aquifer  and  not  far  below  the  land  surface. 

Within  a 20-ml  wide  strip  east  of  the  completely  freshwater  area 
and  along  the  western  fringe  of  much  of  the  remainder  of  the  area, 
freshwater  overlies  saltwater  in  this  aquifer.  Farther  oast,  the 
aquifer  yields  only  saltwater. 


DISTANCE  FRO 


Figure  6^. — Liistaricfe-drawaown  curve-^  for  ".r^h  lower  aquifer  near  Kinaton 
CPuEping  tlae  asauEed  to  be  at  .east  I /ear . > 
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Throughout  much  of  the  Coastal  Plain  of  North  Carolina  the  lower 
aquifer  contains  water  of  the  best  quality  of  any  of  the  major  aquifers. 
Typically,  acidic  water  from  the  upper  aquifer  percolates  downward 
through  the  limestone  aquifer,  and  much  of  the  Iron  In  solution  Is 
precipitated  when  alkalinity  Is  Increased  by  the  solution  of  calcium  and 
magnesium  carbonate.  Once  it  enters  the  lower  aquifer,  hard  water  from 
the  limestone  aquifer  is  softened  by  natural  ion  exchange  processes  that 
replace  calcium  and  magnesium  in  solution  with  sodium.  The  result  is  a 
soft,  alkaline  water  that  requires  little  or  no  treatment  for  most  uses. 

Only  a small  part  of  the  freshwater  portion  of  the  lower  aquifer  is 
within  the  project  area.  Significant  quantities  of  freshwater  are 
available  from  this  aquifer  in  tlje  northwestern  part  of  the  area  where 
the  limestone  aquifer  is  absent  (fig.  69). 

Within  the  project  area,  the  alkalinity  of  fresliwater  in  the  lower 
aquifer  may  range  from  125  to  slightly  over  400  mg/1  as  bicarbonate 
(table  6).  The  sodium  concentration  may  range  from  60  to  over  200  mg/1; 
usually  these  amounts  are  not  harmful,  but  the  sodium  concentration  may 
occasionally  be  high  enough  to  become  a consideration  in  sodium-free 
diets.  Iron  concentrations  are  usually  within  acceptable  limits  except 
where  the  aquifer  is  found  at  shallow  depth. 

Perhaps  the  most  serious  drawback  of  these  waters  is  that  they  may 
contain  excessive  concentrations  of  fluoride.  In  moderate  amounts, 
fluoride  is  beneficial  because  of  its  role  in  development  of  decay- 
resistant  tooth  enamel  in  children.  But  concentrations  much  greater 
than  about  1.5  mg/1,  cause  mottling  in  growing  teeth,  thereby  making  the 
water  unsuitable  for  human  consumption.  Most  freshwater  in  northeast 
North  Carolina  does  not  contain  objectionable  amounts  of  fluoride,  but 
concentrations  exceeding  5.0  mg/1  have  been  measured  in  water  from  the 
lower  aquifer.  Therefore,  careful  evaluation  of  local  water  quality  is 
highly  recommended  before  large  investments  are  made  for  drinking-water 
supplies  from  the  lower  aquifer. 

Typical  analyses  of  water  from  wells  screened  in  the  lower  aquifer 
are  shown  in  table  6. 


WATER  MANAGEMENT 

Thus  far  there  has  been  relatively  little  purposeful  management  of 
the  water  resources  of  northeast  North  Carolina.  The  amount  of  water 
available  usually  has  been  adequate  to  meet  needs,  and  there  has  been 
little  motivation  to  activate  water-management  plans  except  in  the  area 
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Table  b. — Chemical  analyses  of  water  samples  from  wells  in  the 

lower  aquifer 


Nurf reeaboro,  N.C. 
Hartford  Co. 

rovallavllleg  N.C. 
Bertie  Co. 

""Woodland,  N.C. 
Northanpton  Co. 

Waahlngton»  N. 
Beaufort  Co. 

Depth  (ft) 

a- 

w 

310 

— ^ — 

259 

480 

Teopereture  (*C) 

17.5 

19.5 

17.8 

- 

Color 

7 

11 

SO 

- 

Sp.  Con<l.  (umho) 

281 

632 

J58 

1,230 

pH 

7.8 

7.8 

7 . ^ 

8.  7 

Aikallnltv  w CsCO 



IJ8 

317 

179 

- 

Bicarbonate  (HCOJ) 



168 

387 

:i8 

.)  16 

Carbonate  (C03)  (eig/l.)  . . . . 

0 

0 

0 

Nltratr  (N)(iiw/I) 

.07 

. 16 

- 

- 

Phoaphate  (f04) (mg/l ) . . . . 

1.9 

- 

1.1 

2.9 

Hardneaa  (Ce»  Ng)(mii/l).. 

4 

16 

5 

1."* 

Noncatbonato  Uardneas 

(mu  '1  ) 

0 

0 

0 

0 

Ca Icliun  (Ca)  (mn/l  ) 

1..’ 

;.8 

1 .0 

: .8 

MaKuealum  (MK)(mK/l) 

2 

2.2 

1 

SodliUB  (Na)  (ag/l  ) 

64 

140 

8: 

;so 

Votaaatun  (K)  (mg/l.) 

4.8 

15 

7.4 

8.0 

tl\lurtdc  (Cl)  (mg/\  ) 

9.0 

14 

4.1 

149 

Sulfate  (S04)(m«/l) 

5.2 

^.8 

‘4.  S 

- 

KUiot  Ide  (F)  (ag/l.) 

.3 

1.*' 

. 4 

S .1' 

SllU-«  (S10i)(m*/I.) 

27 

:o 

1.  7 

J 

Iron  (K«)(ug/1.) 

120 

580 

’00 

:;o 

NanRanoa*  (Mn)  (liR/I.) 

10 

0 

40 

- 

Munlnun  (Al)  (ij|i/l.) 

0 

0 

0 

- 

Suapended  t.lthlusi  (l.l) 

(uh/I.) 

0 

0 

soo 

- 

Dlaaolved  Solid* 

(RoalJiia  at  IROV) 

196 

196 

Dlaaolved  Sol  Ida  (Sun  of 

conat  ttuenta) (n^A  ) > . . . 

192 

195 

•M.. 

6 "8 

Nitrate  (N01)(ag/t) 

.3 

1.6 

1.6 

Data 

5-14-64 

9-27-55 

7-9-S 

:-8  6 1 
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attevtoil  bv  wltlKlvawals  at  the  phosphate  mine  in  Uoaiitart  l\uiuty.  Water 
imiiiat;eineut  t>as,  ot  eovirae,  taken  plaee  v'n  a larne  aeale  Jurin^t  t lie 
procesaoa  ot  Improvement  ot  stream  ehannela  to  hasten  t lood  drainage  and 
In  the  constriu't  Ion  ot  canals  to  drain  swamps  tor  ai;r  ii-ulturo,  but  t he 
nwitn  concern  In  these  practices  Is  ^a^  mana^iemenl  . Scant  attention  has 
been  giveu  to  their  overall  ettects  on  the  hydrologic  system.  It  Is 
shown  in  I Ittnres  27  and  28  that  artlllclal  channel  improvement  sl^nltl- 
cant  ly  changes  the  flow  patterns  ot  streams,  and  the  ettects  ot  drainage 
to  make  swamplands  iarmable  Is  llkelv  ti'  be  I'ven  more  disruptive  ot  the 
natural  hydrologic  cycle.  Uowevei , l<ind  drainage  and  channel  improve- 
ment are  established  tacts  througlnint  much  ot  the  area,  and  future 
water-management  schemes  must  be  based  upi>n  existing  conditions  i>t  laml 
management  rather  than  the  assumption  ot  an  undisturbed  hydrologic 
system. 

Schemes  for  water  management  should  consiilei  all  aspects  I'l  the 
hydrologic  system.  I'erhaps  the.  most  impi'ttant  sti'p  In  managing,  the 
water  resources  ot  the  ari-a  Is  the  dove  K>pmi'nt  ot  a coiu'ept  n.'i  I t ramewoi  k 
within  which  individual  declslon.s  can  be  made.  This  has  been  vlone  1 1' 
some  extent  In  the  preceding  seel  Iona  ot  this  report. 

IVo  major  considerations  must  be  kei't  in  mind  In  planning  aieal 
develotnnent  ot  water  supplies.  First,  the  results  ol  .inv  malor  alti'i- 
at Ion  t>f  the  hydrologic  regime  on  the  operation  of  the  entire  hvdrologtc 
svstem  must  be  considered.  The  Int  I'ldependemv  ol  t lie  various  land- 
ph.ises  i>t  the  hvdrologlc  cycle  clearly  Implies  that  It  is  not  possible 
to  develop  large  supplies  ot  water  trom  any  one  sonii-e  wltlu’ut  allectlng 
other  parts  ot  the  areal  water  budget.  For  example,  the  shallow  .npiltet 
represents  the  lUv'st  productive  long-term  sinirci'  ol  tiesh  water  in  the 
area.  However,  It  a significant  portion  ol  the  poUsittal  supply  .tvail- 
able  froni  this  uqulter  Is  developed  in  an  aieoi,  snriai'e  ilralnage  1 rom 
the  area  will  be  diminished  and  small  streams  will  probably  be  dry  much 
ot  the  time.  Similarly,  pumpage  trom  the  uppet  ai)ultet  will  di-crease 
the  recharge  to  the  lower  aqulters.  Slnct'  mv'st  wati'i  users  .ictu.illy 
consume  only  a small  percentage  of  their  total  wlthdr.iw.il.  It  is  olten 
possible  with  careful  planning  to  dispose  ot  useil  watei  in  siu'li  .i  wav  as 
to  conteract  many  ot  the  detilmental  ettects  ol  l.iige-scale  w 1 1 lull  .iw.i  I s . 

It  is  not  within  the  scope  ol  this  rept'it  to  vonslvlei  the  ii'sults 
of  water  management  upon  ('arts  ot  the  eiiv  i r>'nmenl  other  t h.in  the  hydiv'- 
loglc  systems,  but  the  ecological  Imp  I ic.it  ions  ol  K'weied  w.itei  t.ibU's 
and  drled-up  streams  and  swamps  should  be  I'valii.iled  in  planning  tol.il 
areal  development. 

The  second  hydrologic  consideration  Is  the  eltci'ts  >'1  w.itei  with- 
drawal and  use  on  water  quality.  The  possibilities  ol  saltwater  en- 
croachment, and  the  Introduction  ot  polluted  water  to  si i earns  and 
aquifers  must  occupy  a position  ol  Impoitance  equal  to  that  ol  concein 


about  the  amounts  of  water  available. 


s 


The  fundamental  aspects  of  water  management  philosophy  must  be 
based  upon  the  gross  water  budget  as  discussed  In  the  first  section  of 
this  report.  The  amount  of  water  In  the  area  Is  virtually  fixed  by 
nature.  Any  practical  management  philosophy  must  recognize  that,  al- 
though water  Is  a renewable  resource.  It  Is  nevertheless  a finite 
resource. 

Much  remains  to  be  learned  about  the  hydrology  of  northeast  North 
Carolina  before  specific  recommendations  can  be  made  concerning  how  best 
to  manage  the  system.  Reexamination  of  the  water  budget  as  defined  In 
the  first  section  of  this  report  will  be  worthwhile  In  order  to  es- 
tablish some  general  guidelines  as  to  where  water-management  feasibility 
studies  should  be  directed.  The  water  budget  can  be  summarized  by  the 
following  equation: 

P - ET  + RO  + AGW 

(precipitation)  (evapotransplratlon)  (runoff)  (change  In  ground-  (2) 

water  storage) 

which  provides  a framework  for  discussing  possible  ways  of  managing  the 
water  resources  of  the  area. 


Precipitation 

Precipitation  provides  the  only  source  of  Input  to  the  system,  and 
Is  perhaps  the  only  part  over  which  we  have  no  real  control.  Since 
earliest  history  man  has  tried  to  manage  the  amount  of  atmospheric 
moisture  falling  upon  his  habitat.  Methods  have  ranged  from  filling  the 
air  with  a variety  of  pollutants  to  ceremonial  dances  around  a totem 
pole.  As  yet  there  Is  no  valid  reason  to  believe  that  man  has  ever  been 
able  to  Intentionally  change  his  weather  to  any  noticeable  degree. 
Therefore,  we  conclude  that  precipitation  Is  fixed  at  an  average  of  50 
In  per  year,  and  that  water  management  must  start  after  rainfall  reaches 
the  surface  of  the  earth. 


Evapotransplratlon 

Under  the  present  conditions  evapotransplratlon  may  be  said  to  have 
first  call  on  water  that  enters  the  area  as  precipitation.  It  returns  a 
lion's  share,  34  In  or  68  percent  of  total  precipitation  back  to  the 
atmosphere  as  vapor,  and  even  during  dry  years  evapotransplratlon 
demands  tend  to  be  met  at  the  expense  of  other  parts  of  the  hydrologic 
cycle.  Evapotransplratlon  has  been  the  subject  of  a considerable  amount 
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of  study  In  arid  areas,  but  has  received  scant  attention  In  wetter 
climates.  One  possible  means  for  controlling  KT  in  areas  such  as 
northeast  North  Carolina  Is  to  lower  the  water  table  far  enough  that  It 
will  be  below  both  the  root  zone  and  the  depth  to  which  capillary 
action  can  readily  bring  water  near  enough  to  land  surface  to  be  evapo- 
rated. Throughout  much  of  the  project  area  large-scale  drainage  for 
agriculture  may  result  in  lowering  the  water  table  1 or  4 ft  within  the 
next  few  years  (Heath,  1975).  Because  no  studies  have  been  done  re- 
lating evapotransplratlon  to  depth  to  water  table  In  this  area  It  Is  not 
possible  to  predict  what  effect  this  will  have  on  ET  losses  relative  to 
the  overall  water  budget. 

Investigations  in  somewhat  similar  areas  In  Arkansas  (Bedlnger,  and 
others,  1971)  Indicate  that  decreases  In  FT  may  not  be  significant  to 
depths  of  around  5 ft,  and  that  some  FT  losses  are  apparent  to  depths  of 
about  25  ft.  These  data  were  used  earlier  In  this  report  to  estimate 
that  water  levels  uniformly  drawn  down  to  30  ft  below  land  surface  would 
allow  salvage  of  about  590,000  (gal/d) /ml^  of  FT  losses  In  northeast 
North  Carolina.  It  is  recognized  that  the  transfer  of  data  and  tech- 
niques from  other  areas,  as  was  done  here.  Introduces  the  possibility  of 
large  errors,  and  these  estimates  are  intended  primarily  to  point  out 
that  large  amounts  of  water  can  be  potentially  salvaged  from  the  upper 
aquifer  by  reducing  FT  losses.  It  is,  of  course,  not  practical  to  lower 
the  water  table  uniformly  over  large  portions  of  the  urea  by  as  much  as 
30  ft;  but  pumping  large  numbers  of  closely  spaced  wells  possibly  could 
locally  effect  the  capture  of  a slgnlf Iciint  amount  of  the  water  that  Is 
naturally  lost  to  the  atmosphere. 

Some  undesirable  results  cun  be  associated  with  a drast  Ic.al  I y 
lowered  water  table.  Streamflow,  for  example,  would  be  greatly  reduced, 
particularly  during  base  flow;  and  small  streams  would  go  dry  for  long 
periods  during  most  years.  In  areas  of  thick  peat  soils,  the  near- 
surface drying  effect  of  a lowered  water  table  can  cause  soil  compaction 
and  oxidation  with  the  end  result  being  land-surface  subsidence  (Heath, 
1975,  p.  85).  Also,  in  drained  soils,  certain  land-management  practices 
require  that  the  water  table  be  kept  ac.  high  as  is  consistent  with  good 
crop  production. 


Runof  f 

The  most  common  method  of  managing  water  supplies  on  a large  scale 
Is  surface  storage  of  excess  runoff.  In  inland  areas,  surface  storage 
is  accomplished  by  means  of  reservoirs  created  by  dams  across  stream 
channels.  In  northeast  North  Carolina,  however,  the  terrain  Is  so  flat 
that  suitable  dam  sites  are  not  available.  Tlie  only  significant  amount 
of  fresh  surface-water  storage  In  the  area  at  present  Is  In  natural 
lakes.  Although  these  lakes  store  large  quantities  of  water,  they 
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averag**  only  4 ft  In  Jopth;  and  the  amount  ol  water  stored  In  them  In 
proportion  to  their  surface  areas  is  much  less  Chan  in  inl/ind  artiiiclal 
reservoirs.  Figure  70  shows  the  relation  ot  storage  to  svirface  area  in 
mountain  and  Piedmont  reservoirs  com\>ared  to  natural  lakes  In  the 
prelect  area. 

Surface  storage  either  In  excavated  artificial  lakes  or  In  diked 
areas  above  land  surface  has  been  suggested.  The  scope  of  this  report 
does  not  permit  an  evaluation  of  either  the  engineering  or  the  economic 
feasibility  of  such  storage,  but  there  are  obviously  problems  with 
either  approach.  The  high  water  table,  which  Is  at  or  near  the  surface 
In  most  undralned  parts  of  the  area,  would  make  sizable  excavat liuts 
difficult.  Kven  In  areas  that  have  been  drained  for  agriculture,  the 
water  table  Is  seldom  more  than  4 ft  below  land  surface. 

The  most  frequently  mentioned  possibility  for  storing  surface  water 
In  coastal  areas  is  In  above-ground  reservoirs  created  by  surrounding 
the  reservoir  area  with  earthen  dikes.  During  periods  of  high  overland 
runoff  the  dikes  would  be  filled  (presumably  by  pumping),  and  the  water 
held  for  use  when  needed.  Whether  water  can  be  successfully  stored  In 
diked  enclosures  depends  upon  whether  the  sides  and  bottoms  of  the 
reservoirs  can  be  made  sufficiently  watertight  to  suspend  water  above 
the  natural  water  table.  At  most  locations,  reservoirs  would  have  to  be 
lined  with  clay  or  some  other  Impervious  material,  which  would  add 
greatly  to  construction  costs.  Another  problem  with  above-ground 
reservoirs  In  many  areas  would  be  keeping  them  ttdequacely  filled. 
Reservoirs  created  by  on-channel  dams  are  able  to  catch  and  store  flood 
flows  In  their  entirety  If  needed,  while  off-channel  reservoirs,  es- 
pecially If  above  ground,  must  be  filled  by  pumplitg.  Kven  If  all 
streamflow  could  be  captured,  storage  requirements  In  tl\e  Coastal  Plain 
are  much  higher  for  a given  available  draft  than  in  the  Interior  ol  the 
State  (Arteaga  and  Hubbard,  197.S).  Figure  71  shows  storage  versus 
available  draft  for  two  snutll  drainage  areas,  one  of  which  is  near  the 
edge  of  the  project  area  and  the  other  in  the  mtd-Pledmont . In  order  to 
be  assured  of  a given  draft  at  the  20-yr  recurrence  Interval,  the 
Coastal  Plain  setting  would  require  more  than  double  the  stor.ige  volume 
of  the  Piedmont  setting.  While  these  twii  examples  do  not  eonst Itute  a 
definitive  statistical  sample,  they  are  probably  typical. 

In  special  cases  where  large  amounts  ot  water  an*  available  I rom 
dewatering  operations,  or  perhaps  near  estuaries  that  are  fresh  at  least 
part  of  the  time,  surface  storage  may  be  practical  In  the  project  area. 
Surface  storage  does  not,  however,  seem  to  represent  a generally  appli- 
cable management  tool  In  northeast  North  Carolina. 
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STORAGE,  IN  THOUSANDS  OF  CUBIC  METERS  PER  SQUARE  KILOMETER 


Figure  71. — Relation  between  available  draft  and  required  storage  at 
the  20-year  recurrence  interval  for  typical  small  drainage  areas 
In  the  Coastal  Plain  and  Piedmont. 


Cround-Water  Storage 

Under  most  natural  conditions  ground-water  storage  Is  essentially 
constant  from  year  to  year.  Pumping  in  any  amount,  however,  removes 
some  water  from  storage.  If  pumping  Is  stopped,  recharge  will  commence 
to  replace  the  lost  storage.  Depending  upon  how  much  water  Is  pumped, 
how  much  recharge  Is  available,  and  how  easily  It  can  get  Into  the 
system,  it  may  require  anywhere  from  days  to  centuries  for  all  of  the 
lost  storage  to  be  replaced.  In  northeast  North  Carolina  the  time  re- 
quited for  a depleted  system  to  essentially  recover  would  probably  range 
from  days  in  the  upper  aquifer,  to  months  in  the  limestone  aquifer,  and 
a few  years  in  the  Iqwer  aquifer. 


When  water  is  being  withdrawn  from  an  aquifer  faster  than  it  can  be 
replaced  it  is  often  considered  that  water  is  being  "mined."  There  Is 
some  lack  of  agreement  between  authorities  as  to  what  actually  consti- 
tutes "mining"  of  ground  water.  Thels  (1940,  p.  280)  implies  that 
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water  is  mined  any  time  withdrawal  from  storage  occurs.  R.  L.  Nace 
(oral  commun.t  1976)  considers  mining  to  take  place  only  when  depleted 
storage  will  not  be  naturally  replaced  fast  enough  to  be  of  significance 
to  the  existing  political  system  (society)  should  pumping  cease.  It 
would  seem  reasonable  to  Introduce  a further  practicality  and  assume 
that  mining  is  effectively  taking  place  if  storage  is  being  depleted  by 
pumping  that  is  expected  to  exceed  indefinitely  potential  capture  of 
recharge  and  discharge.  Under  this  concept  large  withdrawals  such  as  the 
ones  Illustrated  on  figures  66  and  67  are  clearly  examples  of  ground- 
water  mining,  since  the  amounts  of  water  they  have  withdrawn  from 
storage  are  lost  to  society  until  they  cease,  or  reduce,  their  with- 
drawals— which  is  not  anticipated  in  the  foreseeable  future.  It  is  also 
important  to  note  that  a part  of  the  freshwater  being  withdrawn  is  being 
replaced  by  saltwater  which  would  remain  in  the  aquifer  for  an  extremely 
long  time  (thousands  of  years?)  even  if  all  pumping  were  stopped.  Thus, 
freshwater  is  being  mined  according  to  any  definition  of  the  word. 

No  implication  is  Intended  that  mining  of  water  is  necessarily  un- 
desirable. Water,  like  other  minerals,  is  a finite  resource  which  is 
available  for  man's  use.  Consumptive  development  of  ground-water  may  be 
a legitimate  practice  so  long  as  it  is  done  with  an  awareness  of  the 
consequences. 

It  may  also  be  possible  to  manage  ground-water  storage  by  increas- 
ing recharge  into  aquifers  within  which  storage  has  been  depleted. 
Throughout  much  of  northeast  North  Carolina  there  is  an  abundance  of 
potential  recharge  that  is  either  naturally  rejected  or  intentionally 
drained  away  for  agricultural  purposes.  It  has  been  suggested  (North 
Carolina  Groundwater  Section,  1974,  p.  87-89)  that  the  spectacular 
amounts  of  recharge  to  deep  aquifers  within  the  cones  of  depression  of 
large  pumping  centers  can  be  effected  through  connector  wells  linking 
the  deep  aquifers  to  shallow  aquifers  containing  water  at  higher  heads. 
However,  the  possibility  of  deleterious  effects  on  the  quality  of  water 
in  the  aquifers  being  recharged  would  need  to  be  studied  before  such 
schemes  were  activated  on  a large  scale. 

All  of  Beaufort,  Pamlico,  and  Washington  Counties  and  parts  of 
Carteret,  Craven,  Hyde,  and  Tyrell  Counties,  all  of  which  are  in  north- 
east North  Carolina,  and  part  of  Martin  County  have  been  declared  a 
"capacity-use"  area  by  the  North  Carolina  Department  of  Natural  Re- 
sources and  Community  Development,  and  further  development  of  large 
ground-water  supplies  in  these  counties  is  legally  controlled. 

Elsewhere  ground  water  is  withdrawn  at  the  discretion  of  the  individual 
user.  Yet,  the  way  in  which  the  ground-water  system  is  developed  will 
be  of  critical  importance  to  the  future  of  the  area,  because  ground 
water  is,  and  will  continue  to  be,  the  prime  source  of  freshwater  in 
northeast  North  Carolina. 
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Koov<HuuenJat  Iona 


TIuto  aro  a minibor  of  Jot  Ic  leiic  It's  In  onr  knowloJgo  ot  tlio  liyJrol- 
o>;y  ot  nortboast  North  I'arollna.  ConslJorlng  the  IncreasoJ  JonuinJa  that 
aro  alroaJy  bo>;lunlnn  to  bo  imposoJ  on  the  systom,  stops  stunilJ  bo  takon 
to  ijaln  a bottor  unJorst anJlv\ft  ot  tho  tollowlnj;  aspoots  ot  tho  areal 
hy  Jrolojty . 


1.  Kva^>otransptrat  ton  shonlJ  bo  stnJloJ  in  various  terrains 
Mfithln  tho  area.  KT  Is,  without  doubt,  tho  largest  aroal 
consnmor  ot  water.  However,  estimates  ot  tho  amount  ot  KT 
must  now  bo  based  upon  toolinluuos  developed  tor  other,  quite 
different,  areas.  these  and  new  teehnlques  must  be  tested  and 
verified  In  humid,  swampy  areas. 

j I Kqually  Important,  studies  of  the  el  feet  ot  lowertnn  the 
water  table  on  the  rate  and  amount  of  V.T  .are  needed. 

2.  Methods  for  "harvesting"  water  from  the  upper_  aq^u  1 1 or  should 
be  developed.  This  aquifer  Is  potent l.il Iv  the  most  prolltle 
souree  of  freshwater  In  the  area.  Manv  users  already  depend 
on  it  for  water  supplies;  and,  as  nu'st  dem.tnd  Is  made  upvn> 
water  from  the  deeper  aqulters,  the  upper  aqulter  will  beeome 
more  Important. 

1.  The  ability  ot  the  limestone  and  lower  aqulters  to  vleld  water 
on  a long-term  basis  needs  further  study.  the  estimates  given 
In  this  report  are  thought  to  be  as  good  .as  can  be  made  t rom 
presently  available  data.  Tliey  are,  however,  based  upon 
widely  scattered  data  from  onlv  a tew  locations,  and  .are 
subiect  to  considerable  error. 

4.  Sur face-water  storage  does  m't  appear  to  be  an  attractive 
water  management  tool  In  most  ot  the  project  area.  Where 
large  amounts  ot  tresh  surface  water  are  seasonally  or  peri- 
odically available  however,  supp lenient arv  storage  mav  be 
feasible.  The  engineering  and  economic  asi'ects  ot  how  such 
storage  could  best  be  accomplished  are  worth  Investigating. 

5.  Ground-water  storage  has  been  at  tec  ted  more  by  nun's  .actlvl- 
tles  than  any  other  phase  of  the  areal  hydrologic  cycle.  Huge 
additional  withdrawals  are  already  being  plannevl,  and  the 
depletion  of  stored  ground  water  is  becoming  a major  concern 
in  some  areas.  Studies  should  be  initiated  Immediately  i'n 
methods  of  increasing  recharge  where  cones  of  depression  have 
developed. 
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6. 


Deterioration  of  the  chemical  quality  of  ground  water  by  en- 
croachment of  saltwater  Into  naturally  fresh  zones  caused  by 
heavy  pumping  Is  a threat  throughout  the  area.  At  present  no 
way  Is  known  to  predict  either  the  probability  or  rate  of 
seawater  encroachment  under  anything  but  the  most  simple 
hydrologic  conditions.  Researcli  Is  needed  that  will  lead  to  a 
better  understanding  of  the  mechanics  of  encroachment  In 
nonhomogeneous  porous  media  such  as  the  three  major  aquifers 
In  northeast  North  Carolina. 


SIWIARY 

Northeast  North  Carolina  has  an  abundance  of  water;  but  problems 
such  as  contamination  of  freshwater  by  saltwater,  the  absence  of 
large  freshwater  streams,  seasonal  variations  In  streamflow  and  the 
lack  of  a proven  means  for  large-scale  storage  of  freshwater,  make 
It  difficult  to  develop  large  supplies  of  potable  water  throughout 
much  of  the  area. 

An  average  of  about  17,500  ft^/s  of  freshwater  flows  into  the  area 
through  the  Chowan,  Roanoke,  Tar,  and  Neuse  Rivers.  This  water  is 
extremely  Important  In  maintaining  the  ecology  of  the  estuaries  and 
sounds;  but  It  mixes  with  seawater  In  the  lower  parts  of  the  rivers, 
and  little  of  It  Is  suitable  for  mosf  uses.  Few  natural  streams 
originate  within  the  area,  and  most  of  these  are  subject  to  sea- 
water encroachment,  or  go  dry  for  parts  of  nu'St  years.  Artificial 
channels  created  by  channelization  and  ditching  for  agricultural 
drainage  often  contain  perennial  flow,  but  watersheds  for  these 
channels  are  usually  small  and  seasonal  flows  may  be  very  low. 

I’hree  aquifers  supply  water  ti'  wells  in  t tie  area.  The  upper  aqui- 
fer contains  the  water  table,  and  has  the  greatest  potential  for 
supplying  large  amounts  of  water  on  a long-term  basis.  Individual 
well  yields  are  usually  quite  low  (less  than  100  galTiiinl,  and  few 
large  supplies  have  been  developed  in  the  upper  aquifer. 

The  limestone  aquifer  underlies  the  upper  aquifer  and  contains 
confined  ground  water.  Wells  in  the  limestone  aquifer  tvplcally 
yield  several  hundred  to  as  much  as  1,000  gal/mln.  Kxcept  near  its 
western  border,  the  limestone  aquifer  contains  saltwater  at  depth, 
and  the  possibility  of  saltwater  encroachment  must  be  considered 
when  developing  water  supplies  from  It. 

The  lower  aquifer  underlies  the  limestone  aquifer,  and  con- 
tains saltwater  except  In  the  northwestern  part  of  the  study  area. 
Wells  in  the  lower  aquifer  may  yield  several  hundred  to  as  much  as 
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1,000  gal/mln,  but  It  is  well  confined  and  the  potential  for  long- 
term yields  of  water  from  It  are  not  as  good  as  In  the  overlvlng 
aquifers. 

4.  The  chemical  quality  of  the  fresh  surface  waters  of  northeast 
North  Carolina  Is  generally  gocsl  where  not  mixed  with  seawater. 

The  freshwaters  do  not  contain  objectionable  amounts  of  anv  dis- 
solved mineral  constituents,  except  that  some  streams  draining  tl»e 
area  in  which  the  Castle  H.iyne  Limestone  is  near  land  sort  ace 
contain  moderately  hard  water  during  periods  of  low  flow.  The  only 
undesirable  characteristic  of  the  freshwaters  of  northeast  North 
Carolina  is  that  water  drained  from  swampy  areas  mav  be  colored. 
This  is  not  a problem  for  drinking  purposes,  but  above  JO-40  units 
on  the  platinum-cobalt  scale,  it  may  stain  laundry,  paper  and  like 
items . 

The  chemical  quality  of  ground  waters  is  highly  variable. 

Water  from  the  upper  aquifer  is  generally  low  in  dissolved  solids, 
but  in  some  places  may  require  treatment  for  acidity.  Iron,  or 
hardness.  Water  from  the  limestone  aquifer  generally  Is  hard,  high 
In  alkalinity,  and  tends  to  form  scale  in  water  lines,  boilers, 
water  heaters,  etc.  Kinally,  water  from  the  lower  aquifer,  where 
fresh,  generally  is  soft  and  non-corrosive,  but  may  contain  ob- 
jectionable amounts  of  Iron,  sodium,  and  fluoride. 

5.  Additional  work  needs  to  be  done  on  developing  methods  for  harvest- 
ing water  from  the  upper  aquifer,  for  utilizing  water  lost  in 
agricultural  drainage,  for  large-scale  storage  of  water  in  the 
area,  for  estimating  the  amount  of  salvageable  freshwater  in  aqui- 
fers containing  both  freshwater  and  saltwater,  and  for  predicting 
the  rate  of  saltwater  movement  toward  pumping  wells. 


108 


SELECTED  REFERENCES 


Arteaga,  F.  E. , and  Hubbard,  E.  F. , 1975,  Evaluation  of  reservoir  sites 
in  North  Carolina:  U.S.  Geol.  Survey  Water-Resources  Inv.  A6-74, 

60  p, 

Bedinger,  M.  S.,  Reed,  J.  E. , Wells,  C.  J.,  and  Swafford,  B.  B.,  1970, 
Methods  and  application  of  electrical  simulation  in  ground-water 
studies  in  the  lower  Arkansas  and  Verdigris  River  Valleys,  Arkansas 
and  Oklahoma:  U.S.  Geol.  Survey  Water-Supply  Paper  1971,  71  p. 

Board  of  Consultants,  1971,  Report  on  hydrogeology  and  effects  of  pump- 
ing from  Castle  Hayne  aquifer  system  Beaufort  County,  North  Caro- 
lina: North  Carolina  Dept.  Water  and  Air  Resources,  52  p.  (Se- 
lected Illustrations  appear  in  a separate  volume  entitled  "Summary 
of  conclusions  of  report  on  Hydrogeology  and  effects  of  pumping 
from  Castle  Hayne  aquifer  system  Beaufort  County,  North  Carolina"). 

Brown,  G.  A.,  and  Cosner,  0.  S.,  1974,  Ground-water  conditions  in  the 
Franklin,  Virginia  area:  U.S.  Geol.  Survey  Hydrol.  Inv.  Atlas 
HA-538. 

Brown,  P.  M. , 1958,  The  relation  of  phosphorites  to  ground  water  in 

Beaufort  County,  North  Carolina:  Econ.  Geology,  v.  53,  p.  85-101. 

1958,  Well  logs  from  the  Coastal  Plain  of  North  Carolina:  North 

Carolina  Div.  Mineral  Resources  Bull.  72,  68  p.,  8 pis.,  8 figs. 

1959,  Geology  and  ground-water  resources  in  the  Greenville  area. 

North  Carolina:  North  Carolina  Div.  Mineral  Resources  Bull.  73, 

87  p. 

Brown,  P.  M. , Miller,  J.  A.,  and  Swain,  F.  M. , 1972,  Structural  and 

stratigraphic  framework,  and  spatial  distribution  of  permeability 
of  the  Atlantic  Coastal  Plain,  North  Carolina  to  New  York:  U.S. 
Geol.  Survey  Prof.  Paper  796,  79  p. 

Cederstrom,  D.  J. , Baker,  J.  A.,  and  Tarver,  G.  R. , 1971,  Ground  water 
in  the  North  Atlantic  region — North  Atlantic  regional  water 
resources  study,  appendix  D:  U.S.  Geol.  Survey  open-file  rept. 

240  p. , 2 pi. 

Clark,  W.  B. , Miller,  B.  L. , Stephenson,  L.  W. , Johnson,  B.  L. , and 
Parker,  H.  N. , 1912,  Tlie  Coastal  Plain  of  North  Carolina:  North 
Carolina  Geol.  and  Econ.  Survey  Bull.  3,  372  p. 

DeWiest,  R.  J.  M. , Sayre,  A.  N.,  and  Jacob,  C.  E. , 1967,  Evaluation  of 
potential  impact  of  phosphate  mining  on  ground-water  resources  of 
eastern  North  Carolina:  Board  of  Consultants  Rept.  to  North  Caro- 
lina Dept.  Water  Resources,  167  p. 

Dolman,  J.  D. , and  Buol,  S.  W.,  1967,  A study  of  organic  solids  (Histo- 
sols)  in  the  Tidewater  region  of  North  Carolina:  North  Carolina 
Agri.  Expt.  Sta.  Bull.  no.  181,  52  p. 

Fenneman,  N.  M. , 1938,  Physiography  of  Eastern  United  Stales:  New  York, 
McGraw-Hill  Book  Company,  714  p. 

Floyd,  E.  0.,  1969,  Ground-water  resources  of  Craven  County,  North  Caro- 
lina: U.S.  Geol.  Survey  Hydrol.  Inv.  Atlas  HA-343. 


109 


Floyd,  E.  0.,  and  Long,  A.  T.,  1970,  Well  records  and  ocher  basic 

ground-water  data^ Craven  County,  North  Carolina;  North  Carolina 
Dept.  Water  and  Air  Resources  Ground-Water  Clrc.  14,  104  p. 

Cambell,  A.  W. , and  Fisher,  D.  W. , 1966,  Chemical  composition  of  rain- 
fall, eastern  North  Carolina  and  southeastern  Virginia:  U.S.  Geol. 
I Survey  Water-Supply  Paper  1535-K,  41  p. 

i Gambrell,  R.  P. , Gilliam,  J.  W. , and  Weed,  S.  B.,  1974,  The  fate  of 

j fertilizer  nutrients  as  related  to  water  quality  in  the  North  Caro- 

} lina  Coastal  Plain:  North  Carolina  Water  Resources  Research  Inst., 

rept.  no.  93,  151  p. 

Goddard,  G.  C. , Jr.,  1963,  Water-supply  characteristics  of  North  Caro- 
lina streams:  U.S.  Geol.  Survey  Water-Supply  Paper  1761,  223  p. 
Goddard,  G.  C.,  Jackson,  N.  M. , Jr.,  Hubbard,  E.  F.,  and  Hinson,  H.  G. , 
1970,  A proposed  streamflow  data  program  for  North  Carolina:  U.S. 
Geol.  Survey  open-file  rept.,  69  p.,  1 pi. 

Hardy,  A.  V.,  and  Hardy,  J.  D.,  1971,  Weather  and  climate  in  North 

Carolina:  North  Carolina  State  Unlv.  Agr.  Expt.  Sta.  Bull.  396 
(Revised) . 

Harris,  W.  H.,  and  Wilder,  H.  B.,  1966,  Geology  and  ground-water  re- 
sources of  the  Hertford-Elizabeth  City  area.  North  Carolina:  North 
Carolina  Dept.  Water  Resources  Ground-Water  Bull.  10,  89  p. 

Hazel,  J.  E. , 1975,  Age  and  correlation  of  the  Yorktown  Formation 
(Pliocene)  at  the  Lee  Creek,  North  Carolina,  phosphate  mine: 
Smithsonian  Contr.  Paleobiology  (in  press). 

Heath,  Ralph  C.,  1975,  Hydrology  of  the  Albemarle-Pamllco  region.  North 
Carolina:  U.S.  Geol.  Survey  Water  Resources  Inv.  9-75,  98  p. 

Hird,  J.  M. , 1970,  Control  of  artesian  ground  water  in  strip  mining 
phosphate  ores — eastern  North  Carolina:  Denver,  Colorado,  Ann. 
Conf.,  Am.  Inst.  Mining,  Metall.,  and  Petroleum  Engineers  Trans. 
Hobble,  J.  E.,  1974,  Nutrients  and  eutrophication  in  the  Pamlico  River 
estuary.  North  Carolina,  1971-1973:  Univ.  North  Carolina  Water 
Resources  Research  Inst.,  rept.  no.  100,  239  p. 

Hunsucker,  J.  K. , and  Shoffner,  J.  E.,  Jr.,  1970,  Ground-water  levels  in 
North  Carolina  in  1963-64:  North  Carolina  Dept.  Water  and  Air 
Resources  Ground-Water  Circ.  13,  56  p. 

LeGrand,  H.  E.,  1960,  Geology  and  ground-water  resources  of  Wilmington- 
New  Bern  area:  North  Carolina  Dept.  Water  Resources  Ground-Water 
Bull.  1,  80  p. 

Lichtler,  W.  F. , and  Walker,  P.  N.,  1974,  Hydrology  of  the  Dismal  Swamp, 
Virginia-North  Carolina:  U.S.  Geol.  Survey  open-file  rept.  74-39, 
50  p. 

Lindskov,  K.  L. , 1973,  Water  Resources  of  Northeast  North  Carolina  above 
Cape  Lookout,  interim  report:  U.S.  Geol.  Survey  open-file  report, 
71  p. 

Lloyd,  0.  B.,  Jr.,  1968,  Ground-water  resources  of  Chowan  County,  North 
Carolina:  U.S.  Geol.  Survey  Hydrol.  Inv.  Atlas  HA-292. 

1968,  Ground-water  resources  of  Chowan  County,  North  Carolina: 

North  Carolina  Dept.  Water  and  Air  Resources  Ground-water  Bull.  14, 
133  p. 


110 


Lloyd,  0.  B. , Jr.,  and  Floyd,  E.  0.,  1968,  Ground-water  resources  of  the 
Bclhaven  area.  North  Carolina:  North  Carolina  Dept.  Water  and  Air 
Resources  Ground-water  Report.  Inv.  8,  38  p. 

Lohman,  S.  W. , 1936,  Geology  and  ground-water  resources  of  the  Elizabeth 
City  area.  North  Carolina:  U.S.  Geol.  Survey  Water-Supply  Paper 
773-A,  57  p. 

Mundorff,  M.  J. , 1945a,  Ground-water  problems  In  North  Carolina:  Am. 
Water  Works  Assoc.  Jour.,  v.  37,  no.  2,  p.  155-160. 

1945b,  Progress  report  on  ground  water  In  North  Carolina:  North 

Carolina  Div.  Mineral  Resources  Bull.  47,  78  p. 

1946,  Ground  water  In  the  Halifax  area.  North  Carolina:  North 

Carolina  Dlv.  Mineral  Resources  Bull.  51,  76  p. 

1947,  A possible  new  source  of  ground-water  supply  in  the  Eliza- 
beth City  area.  North  Carolina:  North  Carolina  Dlv.  Mineral  Re- 
sources Inf.  Clrc.  6,  16  p.,  2 figs. 

Nelson,  P.  F.,  1964,  Geology  and  ground-water  resources  of  the  Swans- 

quarter  area.  North  Carolina:  North  Carolina  Dept.  Water  Resources 
Ground-Water  Bull.  4,  79  p. 

Nelson,  P.  F.,  and  Peek,  H.  M. , 1964,  Preliminary  report  on  ground  water 
In  Beaufort  County  with  special  reference  to  potential  effects  of 
phosphate  mining:  North  Carolina  Dept.  Water  Resources  Ground- 
Water  Clrc.  2,  25  p. 

North  Carolina  Dept,  of  Water  and  Air  Resources,  1971,  Summary  of  con- 
clusions of  report  on  hydrogeology  and  effects  of  pumping  from 
Castle  Hayne  aquifer  system,  Beaufort  County,  North  Carolina: 
Mimeographed  report. 

North  Carolina  Groundwater  Section,  1974,  Status  report  on  ground-water 
conditions  In  capacity  use  area  no.  1,  central  Coastal  Plain,  North 
Carolina:  North  Carolina  Dept,  of  Natural  and  Economic  Resources, 
Groundwater  Bull.  no.  21,  146  p. 

Oaks,  R.  Q.,  Jr.,  1965,  Post-Miocene  stratigraphy  and  morphology,  outer 
Coastal  Plain,  southeastern  Virginia:  Pli.D.  dissertation,  Yale 
Unlv. , 226  p.  plus  appendices.  (Available  from  University  Micro- 
films, Inc.,  Ann  Arbor,  Mich.). 

Oaks,  R.  Q. , Jr.,  and  Coch,  N.  K. , 1973,  Post-Mlocene  stratigraphy  and 
morphology,  southeastern  Virginia:  Virginia  Dlv.  of  Mineral  Res. 
Bull.  82,  135  p. 

Peek,  H.  M. , and  Nelson,  P.  F. , 1967,  Ground-water  problems  In  the 

Coastal  Plain  related  to  heavy  withdrawals,  proceedings  of  sym- 
posium on  hydrology  of  the  coastal  waters  of  North  Carolina:  Unlv. 
North  Carolina  Water  Resources  Research  Inst.  Rept.  5,  p.  62-80. 

Peek,  H.  M. , Register,  L.  A.,  and  Nelson,  P.  F. , 1972,  Potential  ground- 
water  supplies  for  Roanoke  Island  and  the  Dare  County  beaches: 

North  Carolina  Ground  Water  Dlv.,  Rept.  of  Inv.  no.  9,  26  p. 

Peek,  H.  M.,  and  Nelson,  P.  F.,  1975,  Potential  effects  of  withdrawals 
from  the  Castle  Hayne  aquifer  for  expanded  phosphate  mining  in 
Beaufort  County  North  Carolina:  North  Carolina  Groundwater 
Section,  Rept.  of  Inv.  no.  11,  33  p. 


FottmMii,  H.  1...  Vpijc'I  rti  Ion  mul  hVilvoloRv:  (‘ommonwcn  1 1 h U\iv.  of 

Molls  (Oront  'I'ooK.  t'i>mm«n.  no. 

rninam,  A.  1..,  l.lmlrtKov,  K.  W.ttor  i OMonri  o-j  ol  i lio  I'l'l'o' 

Noii.-«>  Ktvor  l>.i.iln,  N'lth  ('.'noHiirt:  l'..S.  Cool,  Sin  vov  W.itoi  Ki’ 
Moni'ooN  Inv.  l.'-/l,  (>8  p. 

K.iiimviMNon , W.  C.  , .’uul  Aiulrort.si'il , C.  1'  .,  I'lS'-!,  llvili  o 1 o>i  1 o Iniil^^i'l  ol  t lio 
lU’.ivoi il.-«m  ('look  |):ii«in,  N.'irvlinJ:  11. S.  Cool.  Siiivov  W.itoi  Siip)>lv 
I'.ipoi  l-'t/,’,  10(1  p. 

Kluxs.  S,  K.  , rtiiil  (I'Connor,  M.  1'.,  I*)//*,  Rollot  noillironl  ilopoMltw  In  .t 
ni.i|oi  I r .■insui  I'-'i.i  I v<’  ooNst;il  ny.itom:  .So.-!  Crnnl  I’liM  lo.it  Ion  I'Ni'  SC 
W p. 

Slioiw.inl,  .1.  K.  , I'l/l,  Compnior  fiimnlrttlon  of  uronml- wnl  oi  .iipiiliMn  ol 
( lio  ('ofiMl.il  rirtlii  of  Noitli  t'.iioHiiji : Unlv.  Norlli  ('.iiolinn  W.itoi 
KononrooM  Kosortroh  Inul  . , roi'l.  no.  7S,  p. 

Sni'Oil,  R.  K.  . l‘>;i,  Pio)ooioil  I vv  I nut  (on  wntor  loipi  1 romonl  h lot  noilli 
oii.il  Noi  lli  ('.■ii'olinn  rtl>ov«>  C.ipo  I.ookout  lor  tlio  vonr  Not  i li 

Carol  Inn  Slato  Pnlv.  I'h.O.  illNMovt.,  187  p. 

Siiraalon,  ('.  1'.,  1'1(<8,  Snmmai  y ol  tlio  nooloRv  aiul  nroiinil-wat  or  i oboih  ooh 
ol  rill  t'oiiiUv,  Noilli  Carolina:  11..S.  Cool,  Snrvoy  Hvilrol,  Inv. 

At  las  IIA-.'OI  . 

I'liols,  ('.  V.,  I'liO,  riio  sonroo  ol  wal  or  ilorlvoil  from  wolln:  Civil  Inn. 
V.  li),  no.  ■<,  p.  ,’7  7-.'8i). 

I'liorni  Itw.i  1 1 1' , C.  W.  . anil  Matlior,  .1.  R.,  l‘lS7,  Inal  i viol  Ions  anil  laMos 
lor  oompnt  Inn  polonllal  ov.ipot  ranapfrat  Ion  and  tlio  wal  or  balanoo: 
Pubs.  In  ('1  Im.itolonv , v.  X,  no.  1,  Stli  j'rlnt  Ing,  I't  oxol  Insi  . ol 
I'oobno  I onv  , 'll  p. 

I'.S.  Pop!  . ol  (‘ommoroo,  N.it  tonal  ('ooanlo  .-nil  At  roos\'ln'r  I o Admin;  I'SSA 
Woatlioi  llnroan,  ('I  Imatolonloal  Pala,  Noi  lli  I'arollna,  Annual  Snmm.i 
rlos,  I'Ml  to  l'>70. 

11. S.  Popi  . ol  ('ommoroo,  l*>;i,  1*17(1  ('oniins  ol  population — Nnmboi  ol 
tnli.ib  1 1 ant  s , Norlli  ('.irolln.i:  Hiiroan  ol  ('onsns,  l'('il>  A'’*, 
p . I S - •'»  I . 

P.S.  Cool.  Snrvov--WRP,  Wator  Rosourcos  data  for  Norlli  i'arollna,  I'.ii  i I 
Snrl.ioo  walor  rooordn:  P.S.  (tool.  Snrvov,  Ralolnb,  Norlli  ('.ir«'llna 
Aniinal  piibl  loaf  Ion  I 'll*  I- 1*17*'*. 

P.S.  I'nbllo  lloaltli  Sorvloo,  I'll*.’,  Pr Ink Inn-wator  standards,  1*11'.’:  P.S. 
I'libllo  llo,i  1 1 li  Sorvloo  Pub.  *>S(i,  111  p. 

Qard,  R.  ('.,  l*>l'7,  Pi  liiolplos  ol  liydrolonv:  l.ondon,  MoCraw-llllI  I'o.  . 

I.l  d . , Till  I p . 

Wator  Rosoiiroos  Rosoaroli  Instltiito  of  tlio  Pnlvorsltv  ol  Norlli  I'.ii  ol  I n.i . 
1*>I'7,  Proooodliins  svmpostum  on  liydrolonv  of  tin*  ooaslal  walors  *>1 
Norlli  Carol  Ilia,  l*i('7:  R.ilolnlii  North  Carolina,  1 ‘'i  p. 

Wli  1 1 olioad , P.  R.  , 1*17.’,  Povolopmont  and  oiivlroiimontal  lilstorv  ol  i lio 
P lama  I Swamp:  Koolonloal  Moiionraplis , v.  no.  I,  p.  U'l-U''. 

Wlldor,  II.  H.  , l*)|>7,  Ilvdrolonv  ol  oatuarlos  and  sounds  In  Norlli  I'aio 

I Ilia,  proooodliins  ol  svmposliim  on  liydrolony  ol  tlio  ooastal  waiois 
ol  North  Carolina:  Piilv.  North  Carolina  Walor  Rosourcos  Rosoaioh 
lust,  Ropi  . p.  1 is- 17*1, 


117 


WiUlfi',  II.  H.  , .uid  Slack,  I..  .1.,  1971,  Chemical  quality  ut  water  In 

siroams  ot  North  Carolina:  U.S.  Cool.  Survey  Hydrol.  Inv.  Atlaa 
IIA-4J9, 

1971,  Sununary  of  data  on  chemical  quality  of  atreams  of  North 
Carolina,  19AJ-h7:  U.S.  Cool.  Survey  Water-Supply  Paper  1895-B, 
21b  p. , 2 pis. 

Williams,  A.  B. , Posner,  C.  S.,  Woods,  W.  J.,  and  Deubler,  E.  E. , Jr., 
19b7,  A hydrographic  atlas  of  larger  North  Carolina  sounds:  U.S. 
Fish  and  Wildlife  Service  Data  Kept.  20,  130  p. 

Winner,  M.  D.,  Jr.,  1975,  Ground-water  resources  of  the  Cape  Hatteras 

National  Seashore,  North  Carolina:  U.S.  Geol.  Survey  Hydrol.  Inv. 
Atlas  HA- 540. 

Winner,  M.  D. , Jr.,  and  Simmons,  C.  E.,  1977,  Hydrology  of  the  Creeping 
Swamp  watershed.  North  Carolina,  with  reference  to  potential 
effects  of  stream  channelization:  U.S.  Geol.  Survey  Water  Re- 
sources Inv.  77-26. 

Woodard,  T.  H. , 1970,  Summary  of  data  on  temperature  of  streams  In 
North  Carolina,  1943-67:  U.S.  Geol.  Survey  Water-Supply  Paper 
1895-A,  39  p.,  1 pi. 

Wyrlck,  G.  G. , 1966,  Ground-water  resources  of  Martin  County,  North 
Carolina:  North  Carolina  Dept.  Water  Resources  Ground-Water 
Bull.  9,  85  p. 

1967,  Water-bearing  character Istics  and  occurrence  of  aquifers 

In  Martin  County,  North  Carolina:  U.S.  Geol.  Survey  Hydrol.  Inv. 
Atlas  HA-264. 

Yonts,  W.  L. , 1971,  Low-flow  measurements  of  North  Carolina  streams: 
North  Carolina  Dept.  Water  and  Air  Resources,  236  p. 

Yonts,  W.  L. , Glese,  G.  L. , and  Hubbard,  E.  F. , 1973,  Evaporation  from 
Lake  Mlchle,  North  Carolina:  U.S.  Geol.  Survey  Water  Resources 
Inv.  38-73,  27  p. 


